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a b s t r a c t

This paper explores the physical mechanisms responsible for experimental observations

that led to the definition of ‘‘photo-induced hydrogen outgassing of glass’’. Doped borosili-

cate glass samples were placed inside an evacuated silica tube and heated in a furnace or by

an incandescent lamp. It was observed that hydrogen release from the glass sample was

faster and stronger when heated by an incandescent lamp than within a furnace. Here,

sample and silica tube were modeled as plane-parallel slabs exposed to furnace or to lamp

thermal radiation. Combined conduction, radiation, and mass transfer were accounted for by

solving the one-dimensional transient mass and energy conservation equations along with

the steady-state radiative transfer equation. All properties were found in the literature. The

experimental observations can be qualitatively explained based on conventional thermally

activated gas diffusion and by carefully accounting for the participation of the silica tube to

radiation transfer along with the spectral properties of the silica tube and the glass samples.

In brief, the radiation emitted by the incandescent lamp is concentrated between 0.5 and

3.0 mm and reaches directly the sample since the silica tube is nearly transparent for

wavelengths up to 3.5 mm. On the contrary, for furnace heating at 400 �C, the silica tube

absorbs a large fraction of the incident radiation which reduces the heating rate and the H2

release rate. However, between 0.8 and 3.2 mm undoped borosilicate does not absorb signif-

icantly. Coincidentally, Fe3O4 doping increases the absorption coefficient and also reacts with

H2 to form ferrous ions which increase the absorption coefficient of the sample by two orders

of magnitude. Thus, doped and reacted samples heat up much faster when exposed to the

heating lamp resulting in the observed faster response time and larger H2 release rate.

ª 2009 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Hydrogen storage is arguably one of the main technological

challenges for a viable hydrogen economy. Indeed, hydrogen

reacts explosively with oxygen above the ignition temperature

between 773 and 850 K at atmospheric pressure in air [1]. The

criteria for choosing a hydrogen storage technology include (1)

safety, (2) large volumetric and gravimetric energy densities, (3)

fast loading and unloading, (4) numerous loading/unloading

cycles, (5) low fabrication cost, and (6) low energy requirements

for loading and unloading. For example, the hydrogen storage

system for automotive applications should enable vehicle

autonomy greater than 300 miles, safe operation under all

circumstances including road accidents, fast refuelling, and

on-demand availability. Numerous techniques have been

proposed including (i) high pressure storage tanks at room
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temperature, (ii) liquid hydrogen containers at cryogenic

temperatures (20 K), (iii) carbon nanotubes, (iv) metal hydrides,

(v) microporous metal-organic framework, and (vi) hollow

glass microsphere (HGMs) [2]. Unfortunately, none of the

current technologies meet the 2015 performance and cost

targets set by the US Department of Energy by a wide margin [3].

Hydrogen storage in HGMs presents the following advan-

tages over other technologies. First, HGMs have large gravi-

metric energy. They are easy to handle at atmospheric pressure

and ambient temperature and can be stored in any tank solution

[2]. The technology is inexpensive, safe, and requires low energy

consumption for production. The procedure for hydrogen

storage andunloading inandoutofHGMs consists of loadingthe

hydrogen in the glass microspheres by placing them in a high

temperature and high pressure hydrogen environment to

accelerate gas diffusion inside the microspheres. Then, the

hollow microspheres are quenched so that hydrogen remains

trapped inside thanks to significant reduction in the H2 diffusion

coefficient through the shell. The stored hydrogen is released on

demand by heating the hollow glass microspheres. However,

major challenges face storage in HGMs including [2,4] (a) the low

volumetric energy density, (b) the slow hydrogen release rate, (c)

the need to heat the HGMs at temperatures above the operating

temperature of polymer electrolyte membrane fuel cells, (d) the

large amount of energy required to compress hydrogen to very

high pressuresusedduring H2 loading(25%of storage energy [5]),

and (e) manufacturing processes able to produce HGMs with

controllable size and shell thickness capable of sustaining high

pressures.

Recently, Shelby and co-workers [6–9] presented experi-

mental study of what they called ‘‘photo-induced hydrogen

outgassing’’ from borosilicate glass doped with various metal

oxides especially Fe3O4 which is a mixture of FeO and Fe2O3

states. The authors observed that hydrogen release from

a slab of doped borosilicate glass placed in a vitreous silica

tube is accelerated when exposed to an incandescent heating

lamp compared with heating in a furnace at 400 �C. The

infrared lamp was a reflector type lamp (R-type) with peak

emission around 1.3 mm. Similar results were recently

obtained with cobalt-doped hollow glass microspheres loaded

with hydrogen [10]. The authors suggested that ‘‘infrared

radiation is contributing the activation energy necessary for

hydrogen diffusion’’ [8]. To the best of our knowledge, this

would constitute a new physical phenomenon. It remains

unclear, however, how the total irradiance and the spectral

nature of radiation would be accounted for in an Arrhenius

type of relation for the diffusion coefficient given by

D¼D0exp(�Ea/RT ) where Ea is the activation energy of diffu-

sion and D0 is an empirical constant. Moreover, the reported

experimental data do not isolate the proposed mechanism

from the well known thermally activated gas diffusion.

Recently, Zhevago and Glebov [11] suggested that illumination

of the Fe3O4 doped borosilicate ‘‘causes the dopant to react thus

opening microscopic pores that occur naturally in the glass’’.

However, no direct observation of the suggested pores was

provided. Regardless, the following experimental observa-

tions were made [6–9]: (a) the H2 release from borosilicate

glass samples was slower during furnace heating than heating

Nomenclature

cp Specific heat at constant pressure, J/kg.K

C Gas molar concentration, mol/m3

D Diffusion coefficient, m2/s

D0 Pre-exponential factor in Arrhenius, law, m2/s

Ea Activation energy, J/mol

Eb, l Spectral blackbody emissive power, W/m2.mm

f(lT ) Blackbody radiation function

Il Spectral radiation intensity, W/m2.sr.mm

Ib,l Blackbody radiation intensity, W/m2.sr.mm

I0,l Incident spectral intensity, W/m2.sr.mm

kc Thermal conductivity, W/m.K

k Absorption index

K Permeability, mol/Pa.m.s

L Slab thickness, m

M Molar mass, g/mol

m Complex index of refraction, n� ik

n Slab refractive index

qR Radiative heat flux, W/m2 or W/m2.mm
_rH2 Reaction rate between H2 and borosilicate glass,

mol/m3.s

R Gas release rate, kg/s

S Solubility in borosilicate glass, mol/m3.Pa

t Time, s

T Temperature, K

Tf Furnace temperature, K

T[ Incandescent lamp temperature, K

z Location in the slab, m

Greek symbols

el Spectral hemispherical emissivity

e Total hemispherical emissivity

q Polar angle

qcr Critical polar angle

k Absorption coefficient, 1/m

l Wavelength of the incident radiation, m

lc Cutoff wavelength of borosilicate sample, m

lc,t Cutoff wavelength of silica tube, m

lmax Peak emission wavelength, m,

lmaxT¼ 2898 mm.K

m Director cosine of the transmitted angle,

m¼ cos q

r Slab density, kg/m3

rl Specular spectral reflectivity

s Stefan–Boltzmann constant,

s¼ 5.67� 10�8 W/m2.K4

s Transmittance of an interface

Subscripts

0 Refers to values at z¼ 0

f Refers to furnace heating

H2 Refers to hydrogen

i Refers to initial conditions

[ Refers to lamp heating

L Refers to values at z¼ L

sur Refers to surrounding

t Refers to silica tube

l Refers to wavelength-dependent quantity
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lamp except for undoped samples, (b) the onset of outgassing

was observed immediately with lamp heating but was slower

for furnace heating, (c) increasing the lamp intensity accel-

erated the H2 release rate and the overall mass released from

the sample, (d) borosilicate glass CGW 7070 demonstrated the

best H2 release response, (e) increasing the Fe3O4 doping level

increases the H2 release rate, (f) the steady-state sample

temperature of 2 wt.% Fe3O4 doped borosilicate glass reached

472 �C for lamp heating while it was 400 �C for furnace heat-

ing, and (g) unlike for undoped borosilicate glass, hydrogen

and deuterium outgassing was larger than that of helium for

doped borosilicate.

The first mechanism for hydrogen dissolution in glass

consists of physical dissolution when H2 molecules occupy

the interstices of the glass. The second mechanism involves

chemical reactions between H2 and the glass resulting in the

formation of OH groups. For example, hydrogen causes the

reduction of variable-valence ions such as Fe3þ, Ce4þ, and Sn4þ

[12]. In particular, Fe3þ can be reduced almost completely to

Fe2þ according to the reaction [12],

H2 þ 2ðhSi� 0Þ�þ2Fe3þ#2ðhSi� 0HÞ þ 2Fe2þ (1)

The reaction rate is much faster than the diffusion rate. Thus,

the process is diffusion limited and can be accounted for

through standard mass diffusion model with some effective

diffusion coefficient, permeability, and solubility [13].

In soda-lime silicate glass, Johnston and Chelko [12]

established that reduction of Fe3þ by H2 into Fe2þ results in

significant increase in the absorptance of the glass sample in

the spectral range from 0.4 to 2.5 mm. The changes were

apparent with the unaided eye. Similarly, Shelby and Vitko

[14] observed (i) an increase in absorptance beyond 0.8 mm and

(ii) a reduction in absorptance between 0.4 and 0.8 mm for

soda-lime silicate. Rapp [9] confirmed Shelby and Vitko’s

results for Fe3O4 doped borosilicate glass showing an increase

in the Fe2þ/Fe3þ ratio as the duration of exposure to hydrogen

gas increases [8]. This was attributed to the fact that the

absorption band around 380 nm corresponds to the ferric state

(Fe3þ) while a peak around 1.1 mm corresponds to the ferrous

state Fe2þ. In addition, the formation of OH groups results in

a strong absorption band at wavelengths around 2.73–2.85 mm,

3.5 mm, and 4.5 mm [8,15,16].

The objectives of this study is to gain insight into the

physical phenomena responsible for the experimental obser-

vations by Shelby and co-workers [6–9]. To do so, it investi-

gates unloading of hydrogen stored in plane-parallel

borosilicate glass slabs with different thicknesses and doping

levels by modeling transient heat, radiation, and mass trans-

fer for both furnace and incandescent lamp heating. The study

also provides a tool to analyze experimental data and retrieve

transport properties. The transport processes are described

using conventional approaches and concepts as well as

properties reported in the literature.

2. Analysis

Let us considered a plane-parallel slab of thickness L made of

borosilicate glass placed in vacuum as illustrated in Fig. 1

along with the coordinate system. At time t¼ 0, the slab is

exposed to thermal radiation provided either by an electric

furnace preheated at temperature Tf or by a heating lamp

emitting in the visible and near infrared parts of the electro-

magnetic spectrum. The slab is enclosed in an evacuated

vitreous silica tube to impose approximately vacuum condi-

tions. As a result of heating, the hydrogen gas physically dis-

solved previously in the slab diffuses out.

2.1. Assumptions

To make the problem mathematically trackable the following

assumptions are made:

1. The heat, mass, and radiation transfer are treated as one-

dimensional.

2. The slab is treated as homogeneous and isotropic for all

optical and transport phenomena.

3. The material is in local thermodynamic equilibrium for

which Planck’s and Kirchhoff’s laws are valid.

4. The slab thickness is much larger than the wavelength of

radiation so coherent effects are negligible.

5. The slab is absorbing, emitting, but non-scattering.

6. The optical properties of the sample and of the silica tube

remain unchanged while being exposed to the external

radiation and as the oxidation state of the glass changes

due to hydrogen outgassing.

7. As a first order approximation, optical and radiation

properties of the slabs are assumed to be independent of

temperature. For example, the absorption coefficient of

BK7 borosilicate glass reported by Kunc et al. [17] was

nearly unchanged between 293 and 770 K except around

4.3 mm when it did not vary by more than 15%.

8. The slab surfaces are optically smooth and specularly

reflecting.

9. The radiation intensity Il is independent of azimuthal

angle and depends only on location z and polar angle q

(Fig. 1).

10. Hydrogen is weakly soluble in borosilicate glass so Henry’s

law is applicable.

11. Diffusion is considered to be a thermally activated process

only.

12. The diffusion coefficient and solubility of hydrogen in

borosilicate glass are independent of concentration and

irradiance, and depend only on temperature T.

13. The density of hydrogen is constant and negligibly small

compared with the density of the glass which itself is

assumed to be constant.

14. The partial specific volume of hydrogen in the glass is

negligible.

15. Fe3O4 and Fe2O3 dopings affect only the optical properties

of the borosilicate glass but not the thermophysical

properties such as density, thermal conductivity, specific

heat, and diffusion coefficient.

16. Since the surface of the surrounding enclosure is much

larger than that of the slab, incident radiation on the slab

can be treated as blackbody radiation at temperature Tsur.

In the case of furnace heating, the surrounding tempera-

ture is uniform and equal to the furnace temperature, i.e.,

Tsur¼ Tf.
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2.2. Governing equations for transient heat transfer

As the incident radiation from the furnace wall or from the

heat lamp is absorbed by the borosilicate glass sample, the

temperature may not be uniform and combined conduction

and radiation take place. Then, the transient one-dimensional

energy conservation equation in terms of temperature T(z, t)

at location z and time t can be written as [18],

rcp
vT
vt
¼ v

vz

�
kc

vT
vz
� qRðzÞ

�
(2)

where r, cp, and kc are the density, specific heat, and thermal

conductivity of the borosilicate glass slab, respectively. In

addition, the local radiative heat flux qR(z) depends on the

local spectral radiation intensity Il(z, m) in a given direction q

and is expressed as [18],

qR;lðzÞ ¼ 2p

Z 1

�1

Ilðz;mÞmdm and qRðzÞ ¼
Z N

0

qR;lðzÞdl (3)

where m¼ cos q is the director cosine.

Specularly
reflecting surfaces

 

Z

L

0

Incident radiation

Iλ,0=Ib,λ (Tf)

Iλ,L=Ib,λ(Tf)

Iλ,L=Ib,λ(Tsur)

H2 outgassing

μ=-1

μ=0

μ=1

μ=0

μ=-1

μ=0

μ=1

μ=0

Incident radiation

H2 outgassing
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Total internal
reflection 
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Z

L

0
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radiation

I
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radiation 
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Incident radiation

VACUUM
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θ>θcr

θ

ρλ

ρλ

θ

Fig. 1 – Schematic of the hydrogen outgassing from borosilicate glass slab by furnace and lamp heating.
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Moreover, the initial temperature is assumed to be uniform

throughout the slab and is equal to Ti,

Tðz;0Þ ¼ Ti for 0 � z � L (4)

Two boundary conditions are also necessary for solving the

energy conservation Equation (2). Radiation transfer is the

only mode of heat transfer between the slab and its

surrounding. Thus, the energy balance at both interfaces can

be written as [19],

�kc
vT
vz
jz¼0 ¼ �eðT0ÞsT4

0 þ
Z N

lc

elðT0ÞqR;l;0dl at z ¼ 0 (5)

�kc
vT
vz
jz¼L ¼ eðTLÞsT4

L �
Z N

lc

elðTLÞqR;l;Ldl at z ¼ L (6)

where T0 and TL are the slab temperatures at time t and

location z¼ 0 and z¼ L, respectively, i.e., T0¼ T(z¼ 0, t) and

TL¼ T(z¼ L, t). Similarly, qR,l,0 and qR,l,L are the spectral

radiative heat fluxes incident on each side of the slab. The

total hemispherical emissivity of borosilicate glass at

temperature T is denoted by eðTÞ and defined as [18],

eðTÞ ¼ 1
sT4

Z N

lc

elðTÞEb;lðTÞdl (7)

where elðTÞ is the spectral hemispherical emissivity and

Eb,l (T ) is the blackbody spectral emissive power given by

Planck’s law [18]. The cutoff wavelength lc corresponds to the

wavelength beyond which borosilicate glass is opaque.

According to Assumption 7, elðTÞ is independent of tempera-

ture but eðTÞ depends on T through Eb,l(T ).

The above boundary conditions are valid for any situation

but simplify when the sample is heated within a furnace.

Then, the radiative heat flux incident on both sides is the

blackbody radiation intensity at the furnace temperature Tf,

i.e., qR,l,0¼ qR,l,L¼ pIb,l(Tf) where Ib,l(T ) is the blackbody spec-

tral intensity such that Eb,l(T )¼ pIb,l(T ). Then, the above

boundary conditions simplify to,

�kc
vT
vz
jz¼0 ¼�eðT0Þ½1� fðlcT0Þ�sT4

0þ eðT0Þ
�
1� f

�
lcTf

��
sT4

f at z¼ 0

(8)

�kc
vT
vz
jz¼L ¼ eðTLÞ½1� fðlcTLÞ�sT4

L � eðTLÞ
�
1� f

�
lcTf

��
sT4

f at z¼ L:

(9)

The function f(lT ) is the blackbody radiation function rep-

resenting the fraction of the total blackbody emission in the

spectral band from 0 to lc and expressed as [20],

fðlcTÞ ¼
R lc

0 Eb;lðTÞdlRN

0 Eb;lðTÞdl
¼
R lc

0 Eb;lðTÞdl

sT4
: (10)

In this study, the values of f(lcT0) and f(lcTL) were computed

at every time step.

2.3. Radiative transfer equation

The spectral intensity Il necessary to compute the heat flux

qR,l (z) satisfies the steady-state one-dimensional radiation

transfer equation (RTE) for an absorbing, emitting, but non-

scattering medium expressed as [18],

m
dIlðz;mÞ

dz
¼ kl

�
n2

l Ib;lðTðz; tÞÞ � Il

�
(11)

where nl is the refractive index of the glass slab. The term

n2
l Ib;lðTðz; tÞÞ represents the blackbody radiation emitted by the

slab at location z. The absorption coefficient kl is defined as,

kl ¼
4pkl

l
(12)

where kl is the imaginary part of the complex index of

refraction of the slab denoted by ml¼ nl� ikl. The RTE is

expressed on a spectral basis because the radiation and

optical properties of borosilicate glass strongly depend on

wavelength.

Both faces of the slab are assumed to be optically smooth

and specularly reflecting. Thus, the boundary conditions for

solving the RTE can be written as [19,21],

Ilð0;mÞ ¼ slðmÞn2
l Il;0 þ rlðmÞIlð0;�mÞ for m � 0 (13)

IlðL;mÞ ¼ slðmÞn2
l Il;L þ rlðmÞIlðL;mÞ for m � 0 (14)

where, Il,0 and Il,L denote the radiation intensities incident on

each face of the sample. Furthermore, the reflectivity and

transmissivity of the borosilicate glass/vacuum interface are

denoted by rl(m) and sl(m)¼ 1� rl(m), respectively. Note that the

radiation incident on the slab/vacuum interface coming from

within the slab is internally reflected for incidence angles

larger than the critical angle qcr defined as sin qcr¼ 1/nl. The

reflectivity is given by Fresnel’s equation [19,21],

The values of Il,0 and Il,L depend on the heating method. When

the sample is heated within the furnace at temperature Tf, both

faces are subject to diffuse incident radiation intensities Il,0

and Il,L equal to the blackbody spectral intensity Ib,l(Tf),

Il;0 ¼ Il;L ¼ Ib;l

�
Tf

�
: (16)

rlðmÞ ¼

1
2

" 
m� nl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n2

lð1� m2Þ
p

mþ nl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n2

lð1� m2Þ
p

!2

þ
 

nlm�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n2

lð1� m2Þ
p

nlmþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n2

lð1� m2Þ
p

!2#
for 0 � q � qcr

1
2

" 
�m� nl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n2

lð1� m2Þ
p

�mþ nl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n2

lð1� m2Þ
p

!2

þ
 
�nlm�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n2

lð1� m2Þ
p

�nlmþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n2

lð1� m2Þ
p

!2#
for p� qcr � q � p

1 for qcr � q � p� qcr

:

8>>>>>>><
>>>>>>>:

(15)
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On the other hand, lamp heating is performed with a typical

reflector incandescent heat lamp whose radiation is emitted

by a tungsten filament at temperature T[ [22]. To be able to

compare the hydrogen release rates from furnace heating

with that from lamp heating, the same incident heat flux was

imposed in both heating methods. The total irradiance on

both sides of the sample from the furnace is equal to

q ¼ qR;0 þ qR;L ¼ 2sT4
f . Thus, for diffuse incident radiation from

the lamp, the boundary conditions for the spectral intensity is

expressed as,

Il;0ðz ¼ 0;mÞ ¼ 2

�
Tf

T[

�4

Ib;lðT[Þ for 0 � m � 1: (17)

The factor 2 appears because furnace heating takes place

from both sides of the slab while lamp heating is incident only

on one side (Fig. 1). Similarly, for collimated incidence, the

boundary condition is expressed as,

Il;0ðz ¼ 0;mÞ ¼ 2p

�
Tf

T[

�4

Ib;lðT[Þdðm� 1Þ for 0 � m � 1 (18)

where, d(x) is the Dirac delta function. The above boundary

conditions for lamp heating ensure that the incident radiation

is proportional to the blackbody spectral distribution at

temperature T[ with maximum emission wavelength lmax

such that lmaxT[¼ 2898 mm.K while keeping the overall inci-

dent heat flux equal to that of a furnace at 400 �C. The other

side of the sample exchanges radiation with the surroundings

at temperature Tsur, i.e.,

Il;Lðz ¼ L;mÞ ¼ Ib;lðTsurÞ for � 1 � m � 0: (19)

In all the simulations for lamp heating Tsur was assumed to

be equal to 25 �C.

Note that the goal of this parametric study was not to

model precisely the lamp emission intensity since its absolute

spectral intensity along with other experimental conditions

were not reported. Instead, the lamp was treated as a black-

body source and the temperature of its filament T[ was varied

to assess the effect of the spectral distribution of the incident

intensity. The spectral intensity predicted by Equations (17)

and (18) for T[¼ 1700 K, 2300 K, and 2900 K covers the spectral

range where the emission intensity of the heating lamp used

by Rapp [9] is concentrated (see Supplemental Materials).

2.4. Mass conservation equation

The unloading of the hydrogen gas dissolved in the borosilicate

glass slab by physical diffusion is governed by the transient

one-dimensional mass conservation equation expressed as,

vCH2

vt
¼ v

vz

�
DH2
ðTÞvCH2

vz

�
þ _rH2

(20)

where, CH2
is the molar concentration of H2 in the slab

expressed in mol/m3 while DH2
ðTÞ is the diffusion coefficient of

hydrogen through borosilicate glass expressed in m2/s. Note

that DH2
ðTÞ is a function of temperature which depends on

location z in the slab. The reaction rate between hydrogen and

the borosilicate glass is denoted by _rH2
. Even though hydrogen

reacts with doped borosilicate glass, the reaction is diffusion

limited at the temperatures considered in this study. Thus,

reaction rate(s) are negligible compared with the hydrogen

diffusion rate and only the diffusion term on the right-hand

side of Equation (20) is considered. Moreover, the chemical

solubility of hydrogen can be accounted for as physical solu-

bility. Thus, physical hydrogen dissolution and diffusion are

assumed to be the dominant mechanisms of hydrogen out-

gassing [23] as established experimentally (see Ref. [9], Fig. 4.2,

p. 78).

The initial concentration of hydrogen CH2 ;i is assumed to be

uniform across the slab. It is computed under the assumption

that hydrogen was dissolved in the slab in pure hydrogen

atmosphere at temperature Tload and pressure pload so that

CH2
ðz; t ¼ 0Þ ¼ CH2 ;i ¼ SH2

�
Tload; pload

�
pload (21)

where SH2
ðTload; ploadÞ is the solubility of hydrogen in borosili-

cate glass expressed in mol/m3.Pa. The loading temperature

Tload and pressure pload are taken as 500 �C and 1 bar, respec-

tively, as used experimentally by Rapp and Shelby [8]. The two

boundary conditions needed to solve the mass conservation

equation assumes that the slab is surrounded by vacuum at all

time so that,

CH2
ð0; tÞ ¼ CH2

ðL; tÞ ¼ 0 for t > 0: (22)

2.5. Lump system approach

When the slab is thin enough, the temperature is uniform

throughout and heat conduction need not be considered.

Then, the lumped system approach can be used to predict the

evolution of the sample temperature T(t) as a function of time.

In the case of furnace heating, the energy conservation

equation is written as,

rcpL
dT
dt
¼ 2eðTÞ

�
1� f

�
lcTf

��
sT4

f � 2eðTÞ½1� fðlcTÞ�sT4 (23)

where the first term on the right-hand side of Equation (23)

corresponds to the absorption of the radiation from the

furnace while the second corresponds to emission by the

sample. The factor 2 accounts for irradiation and emission

from both faces of the sample.

2.6. Simulating experimental conditions

Experiments of hydrogen outgassing from borosilicate glass

samples with various compositions and doping elements and

concentrations were conducted by Shelby and co-workers

[6–9]. In their experiments, the hydrogen release rate was

estimated by measuring the hydrogen partial pressure using

mass spectrometry. An additional difficulty in comparing

experimental data with numerical simulations lies in the fact

that the sample was enclosed in a silica tube which absorbs

part of the furnace radiation and in turn exchange radiation

with the sample. Moreover, the samples used experimentally

were 1 mm thick and had a surface area of 1� 1 cm2.

In the present study and as a first order approximation, the

sample was simulated as enclosed between two semi-infinite

plane-parallel silica slabs of thickness Lt at temperature Tt.

One-dimensional heat, mass, and radiation transfers were

considered. The temperatures of the sample and of the silica

tube were simulated using the lump system approach. The
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sample temperature T satisfy the following energy conserva-

tion equation,

rcpL
dT
dt
¼ 2e

nh
f
�
lc;tTf

�
� f
�
lcTf

�i
sT4

f � ½fðlc;tTÞ � fðlcTÞ�sT4
o

þ 2
½1� fðlc;tTtÞ�sT4

t � ½1� fðlc;tTÞ�sT4

1=et þ 1=e� 1
: (24)

The first term on the right-hand side represents the radiation

exchange between both faces of the sample and the furnace

for wavelengths between lc and lc,t. The second term accounts

for the radiation exchange between the silica tubes and the

sample faces for wavelengths beyond the silica cutoff lc,t. The

emissivities of the silica tube and of the sample are assumed

to be independent of temperature and wavelength beyond

their respective cutoff wavelengths.

Each silica slab exchanges with the furnace at temperature

Tf and the sample inside at temperature T. Thus, energy

conservation equation for each silica slab having temperature

Tt is expressed as,

rtcp;tLt
dTt

dt
¼ et

n�
1� f

�
lc;tTf

��
sT4

f � ½1� fðlc;tTtÞ�sT4
t

o

þ ½1� fðlc;tTÞ�sT4 � ½1� fðlc;tTtÞ�sT4
t

1=et þ 1=e� 1
: (25)

The first term on the right-hand side represents the radiation

exchange between the outer surface of the tube and the

furnace walls. The second accounts for the radiative heat

transfer between the silica tube inside surface and the sample

treated as gray diffuse plane-parallel slabs.

Moreover, the total heat input during furnace heating is

given by qR ¼ 2sT4
f with Tf¼ 673 K corresponding to 2.33

W/cm2. In presence of silica tube, the heat flux reaching the

sample is reduced due to absorption by the silica tube before

the latter reaches the furnace temperature. For lamp heating,

Rapp [9] used two types of lamp namely Sylvania 250 W R40 and

General Electric red ‘‘Chill chaser’’ 250 W R40 (Ref. [9], p. 92).

Both had tungsten filament and R40 bulb type 12.7 cm (5 inches)

in diameter with a built-in reflector. The nominal lamp wattage

was 250 W at voltage 120 V. Dushcenko et al. [24] measured the

irradiance distribution delivered by similar heating lamps.

They measured a heat flux of 2.0 W/cm2 incident on a surface

placed 10 cm away along the axis of a 250 W heating lamp.

During hydrogen outgassing experiments, Rapp and Shelby [8]

placed the samples 1 cm away from the lamp. Moving the

sample away from the lamp reduced the irradiance [24] and the

hydrogen release rate [7,9]. In other words, commercial 250 W

R40 incandescent heating lamps can easily match or exceed the

heat flux delivered by a furnace around 400 �C.

2.7. Constitutive relationships

The thermophysical properties of borosilicate glass required

to solve the above governing equations for heat, radiation,

and mass transfer are (i) the thermal conductivity kc(T ),

(ii) the product of the specific heat cp(T ) and the density

r(T ), (iii) the diffusion coefficient DH2 ðTÞ, (iv) the solubility

SH2 ðT; pÞ, (v) the real and imaginary parts of the complex

index of refraction of borosilicate glass nl and kl, (vi) the

spectral hemispherical emissivity elðTÞ, and (vii) the cutoff

wavelengths lc and lc,t. Special attention was paid to Fe3O4

doped borosilicate glass CGW 7070 which experimentally

exhibited superior hydrogen release response [8]. CGW 7070

performances were followed closely by those of CGW 7740

[8]. Unlike CGW 7070, the thermophysical properties of

borosilicate glass CGW 7740 are readily available in the

literature and were used in this study. Note that the

composition of CGW 7070 and CGW 7740 differ in terms of

SiO2 and B2O3 contents with 72 wt.% and 25 wt.% for CGW

7070 compared with 81 wt.% and 13 wt.% for CGW 7740,

respectively. As a first order approximation, these differ-

ences were assumed to have no significant effects on kc(T ),

cp(T ), r(T ), DH2 ðTÞ, and SH2 ðT;pÞ. However, optical properties

of undoped, 0.5 wt.%, and 2 wt.% Fe3O4 doped CGW 7070

were retrieved from transmittance data of samples satu-

rated under 0.94 atm. and 500 �C as reported by Rapp [9] and

using Eq. (14) in Ref. [25].

The thermal conductivity and specific heat of borosilicate

glass CGW 7740 for temperatures ranging from room

temperature to 250 �C have been reported by Assael et al. [26].

The thermal conductivity kc(T ) is given by [26],

kcðTÞ¼1:15

	
0:7688þ0:2158

�
T

298:15

�
þ0:0157

�
T

298:15

�2

(26)

where, T is expressed in Kelvin. Note that the data agrees well

with those reported by Johnson and Hasselman [27] for

temperatures up to 550 �C.

Furthermore, Assael et al. [26] expressed the product of

density r and specific heat cp of CGW 7740 as,

rðTÞcpðTÞ ¼ 1770

	
0:8716þ 0:1634

�
T

298:15

�
� 0:035

�
T

298:15

�2

:

(27)

Here also T is expressed in Kelvin. The correlation agrees with

data reported by Richet et al. [28] for cp alone at temperatures

between 120 �C and 512 �C assuming a constant density of

2230 kg/m3 [29].

Moreover, the diffusion coefficient and permeability of

deuterium D2 in borosilicate glass CGW 7740 have been

reported by Shelby [30] over the temperature range from

25 to 560 �C. The results agree well with those measured by

Laska et al. [31] for deuterium between 25 and 500 �C and by

Altemose [32] for hydrogen from 200 to 600 �C [23]. Perme-

ability of deuterium is slightly lower than that of hydrogen

by virtue of the fact that the mass of D2 is larger than that of

H2. This difference, however, is negligible compared with

differences between different experimental studies for the

same gas. Thus, data reported by Shelby [30] were used and

are given by,

DH2
ðTÞ ¼ 1:06� 10�10Texp

�
�5385

T

�
in m2

=s (28)

KH2
ðTÞ ¼ 2:787� 10�17Texp

�
�4026

T

�
in mol=Pa:m:s (29)

SH2
ðTÞ ¼ KH2

ðTÞ
DH2
ðTÞ ¼ 2:62� 10�7exp

�
1359

T

�
in mol=m3Pa (30)

where, T is expressed in Kelvin. In this study, it is assumed that

those expressions can be used for hydrogen gas and for CGW

7070 doped with Fe3O4 as confirmed experimentally [9] (p. 277).
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The complex index of refraction of borosilicate glass used

in Equations (11)–(15) was reported by De Sousa Meneses et al.

[33] at room temperature over the spectral range beyond

4.0 mm. It is assumed that the formula can be used for nl for

wavelengths between 300 nm and 10 mm as suggested by the

good match with data reported by Melles Griot Inc. [34] for

borosilicate glass between 486 and 644 nm. On the other hand,

the absorption index kl over the spectral range from 500 nm to

10 mm was reconstructed from (i) transmittance data between

500 nm and 3.5 mm reported by Rapp [9] for undoped and Fe3O4

doped CGW 7070 saturated with H2, (ii) from Sahba and

Rockett [35] between 3.5 and 4.5 mm, and (iii) from De Sousa

Meneses et al. [33] for wavelengths larger than 4.5 mm. Overall,

the data from these various sources agree well with each other

and cover the useful wavelength range while capturing the

effect of doping in the spectral region between 500 nm and

3.5 mm. The refractive and absorption indices of borosilicate

glass used in this study are presented in Fig. 2.

Furthermore, experimental data reported in the literature

[36] and summarized by Touloukian and DeWitt [37] indicates

that the total normal emissivity of borosilicate glass is nearly

independent of temperature (Ref. [37], p. 1540). In addition, the

cutoff wavelength lc is estimated to be 3.5 mm beyond which

the spectral hemispherical emissivity is assumed to be

constant and equal to 0.85 [38], i.e., elðTÞ ¼ 0:85 for l� 3.5 mm.

This can be justified by the fact that the directional emissivity

of glass varies very little over most of the hemisphere and

decreases rapidly at grazing angles [18]. In addition, beyond

3.5 mm, the presence of Fe3O4 doping does not affect the

absorption index of borosilicate glass as shown in Fig. 2.

Finally, the density of the silica tube rt is assumed to be

constant and equal to 2200 kg/m3 [39] while its specific heat cp,t

is given by [40],

cp;tðTtÞ ¼ 1927:74� 1220:88

ð1þ 0:0042TtÞ0:77 (31)

where, the temperature of the silica slab Tt is expressed in �C.

In addition, the absorption index of silica glass from 0.3 to

10 mm reported in the literature [41–43] is also plotted in Fig. 2

based on the recent review by Kitamura et al. [25]. The

transmittance of a 1 mm thick slab of silica is about 50% at

4.5 mm and decreases from about 90% around 3.6 mm to prac-

tically 0.0 at 4.85 mm according to theoretical calculations

using optical properties reported by Drummond [41]. Thus, the

silica slabs are treated as transparent for wavelengths lower

than the cutoff wavelength lc,t¼ 4.5 mm. Beyond 4.5 mm, they

absorb the furnace radiation and emits radiation at their own

temperature. The total hemispherical emissivity of silica etðTtÞ
at all temperatures is taken constant and equal to 0.8 as

measured by Tanaka et al. [44].

2.8. Method of solution

The above equations must be solved numerically as (i) ther-

mophysical properties depend on temperature, (ii) radiation

and optical properties depend strongly on wavelength, and

(iii) internal reflection must be accounted for. An implicit

time-marching method was used to solve the energy and

mass conservation Equations (2) and (20) based on finite

volume method [45]. In addition, the RTE [Equation (11)] was

solved numerically on a spectral basis using the discrete

ordinates method [18,21] combined with finite volume

method on a non-uniform grid. The integrals over solid angle

were replaced by a weighted sum over discrete directions. In

the present study, 8 directions per quadrant (S-8 approxima-

tion) were used and the weights were obtained from Ref. [18]

(p. 503). The intensity was computed by an iterative method in

which convergence criteria can be chosen arbitrarily. The

spectrum between 500 nm and lc was discretized in Nl

wavelengths for both furnace and lamp heating with a spec-

tral resolution of Dl¼ 0.1 mm. The divergence of the local

radiative heat flux qR at time t was computed from the value of

local spectral intensity Il(z,m) at the previous time step. Spec-

tral integration in Equations (3), (8), and (9) was performed

using Simpson’s rule for equally spaced wavelengths.

The grid used to compute both the radiation intensity and

the radiative heat flux was staggered with that used for

temperature and hydrogen concentration. The non-uniform

grid was symmetric with respect to z¼ L/2 and formed with

the smallest element at the boundaries z¼ 0 and z¼ L where

the initial concentration gradient was very large. The grid size
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Fig. 2 – The refractive and absorption indices of undoped

and Fe3O4 doped borosilicate glass obtained or retrieved

from various sources [9,33,35,41,43,51].
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Dzi for the ith finite volume was such that Dzi¼ rDzi � 1 where r

is the size ratio between two adjacent cells and the smallest

cell size is Dz0¼ L(r� 1)/2(rN/2� 1) where N is the even number

of meshes. In all simulations r was taken as 1.1.

Numerical convergence was established by increasing the

number of meshes by a factor 1.3 and dividing the time step by

a factor 2. The results were considered to be converged when the

relative differences in both the hydrogen release rate and the

local temperature between two consecutive grid and time step

refinements were less than 1%. The steady-state solution of the

RTE was considered to be reached when the absolute difference

between the values of intensity in all directions and at all

wavelengths at the present and previous iteration was less than

10�5. A numerically converged solution was obtained with

Nz¼ 130 grid points, Nl¼ 31 discrete wavelengths between

500 nm and lc, and time step Dt¼ 0.25 s.

The numerical code was successfully validated with

analytical solutions and with numerical results reported in

the literature. These include (1) transient and steady-state

heat conduction without radiation [20], (2) absorbing but non-

scattering gray slab with black surfaces subjected to diffuse or

collimated incident radiation without heat conduction [18], (3)

steady-state combined 1 D conduction and radiation in a slab

between black surfaces at different temperatures [46]. Further

validation was performed by comparing results for the full

simulations with those for the lump system approach.

Finally, to enable comparison with experimental data, it is

interesting to compute the hydrogen release rate. This

required post-processing of the numerical results for CH2 ðz; tÞ.
The residual mass of hydrogen in the slab per unit surface

area at time t denoted by m00H2
ðtÞ (in kg/m2) and the associated

hydrogen release rate denoted by RH2 ðtÞ (in kg/m2s), are

defined, respectively as,

m00H2
ðtÞ ¼ MH2

Z L

0

CH2
ðz; tÞdz and RH2

ðtÞ ¼ �
dm00H2

dt
(32)

where MH2
is the hydrogen molar mass, MH2

¼ 2:016 g=mol.

The experimentally measured hydrogen partial pressure

reported [8] is proportional to the hydrogen release rate RH2
.

Here, the numerical integration over the spatial coordinate z

was performed using the trapezoidal rule for unequally spaced

grids while the time derivative were computed numerically

using the Newton forward difference polynomial [47].

3. Results and discussion

3.1. Furnace heating

In this section, parametric study investigating hydrogen

release by furnace heating is discussed.

3.1.1. Lump system approach versus full simulations
In order to further assess the validity of the lump system

approach for a slab of undoped borosilicate glass exposed to

diffuse blackbody radiation emitted by the furnace, simula-

tions were performed for furnace temperature of 400 �C and

various sample thicknesses. First, Equations (2)–(11) along

with the associated boundary conditions for furnace heating

were solved numerically. The parameters used in the

calculations were Ti¼ 25 �C, Tf¼ 400 �C as used experimen-

tally by Kenyon [7] and Rapp and Shelby [8]. The tempera-

ture distribution in 1 and 10 mm thick undoped borosilicate

slabs was compared (not shown) with predictions from the

lump system approach. It indicates that temperature was

nearly uniform throughout the 1 mm thick slab at all times

and reaches steady state in about 90 s. Similar results were

observed for slab thickness of 2.0 and 5.0 mm (not shown).

However, non-uniform temperature was apparent in the

10 mm thick sample where steady state is reached after

about 900 s. As previously discussed, the lump system

approach assumes that the slab temperature is uniform

across the slab thickness which seems to be the case for

thin enough slabs.

Fig. 3 compares the evolution of the slab surface temper-

ature as a function of time predicted by the lump system

approach and by solving the coupled conduction and radia-

tion equations (referred to as ‘‘full simulations’’). It estab-

lishes that results obtained from the two methods agree very

well for slab thickness L strictly smaller than 10 mm. The

maximum relative difference between the two approaches

varies from 7.7% for 1 mm thick sample to 37% for 10 mm

thick sample. Therefore, for furnace heating and thin enough

samples, the lump system approach gives accurate results

and can be used with confidence. This approach presents the

advantage of solving a non-linear ordinary differential equa-

tion and offers a simpler alternative to the coupled partial

differential equations for conduction and radiation [Equa-

tions (2) and (11)].

Moreover, Fig. 4 shows the hydrogen concentration distri-

bution CH2 ðz; tÞ in a 1 mm thick undoped borosilicate slab at

different times. It indicates that the hydrogen concentration

in the slab is highly non-uniform and large concentration

gradients exist near the boundaries; particularly at early

stages of the outgassing process.
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solving Equations (2)–(20) (full simulations) and (b) lump

system approach [Equation (23)].
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3.1.2. Effect of furnace temperature and sample optical
properties
First, the effect of furnace temperature Tf on the hydrogen

outgassing is assessed by considering three values of Tf

namely 400, 500, and 600 �C for the 1 mm thick slab. Fig. 5

shows the temporal evolution of the (i) slab temperature, (ii)

residual hydrogen mass in the slab m00H2
ðtÞ, and (iii) hydrogen

release rate RH2 ðtÞ as a function of time for a 1 mm thick

undoped sample. As expected, the heating rate and final

temperature of the slab as well as the hydrogen release rate

increase with the furnace temperature. The temperature

reaches 99% of its steady-state value of Tf relatively rapidly

within 60–100 s. In addition, the hydrogen release rate reaches

a maximum at approximately the same time after 30–55 s for

the three furnace temperatures considered. However, it takes

about 3 h 18 min, 1 h, and 27 min for 95% of the loaded

hydrogen to entirely diffuse out of the sample for furnace

temperature Tf of 400, 500, and 600 �C, respectively. The same

trends were observed for thicker slabs (not shown). It is

interesting to note that the maximum release rate is reached

much faster than observed experimentally [8] when the

samples were inserted in an evacuated silica tube and placed

in the furnace as explained later.

Moreover, as noted earlier, the absorption coefficient of the

Fe3O4-doped borosilicate glass increases in the spectral region

from 0.8 to 3.5 mm during hydrogen loading. Then, the

absorption coefficient kl can reach up to 5� 10�4 for 2 wt.%

Fe3O4 doping [9]. Thus, the effect of the sample absorption

coefficient (i.e., doping concentration) was assessed by varying

the value of kl assumed to be constant between 0.8 and 3.5 mm

with values between 0.0 and 5� 10�4. The maximum relative

difference was 1.26% for the sample temperature and 1.76% for

the hydrogen release rate during furnace heating at 400 �C. In

other words, Figs. 3 and 4 are valid for all doping levels. This can

be explained by the fact that the furnace spectral emissive

power reaches a maximum at wavelength lmax given by Wien’s

displacement law, lmaxTf¼ 2898 mm.K. For a furnace tempera-

ture of Tf¼ 400 �C, lmax¼ 4.3 mm and about 87% of the total

emissive power is emitted at wavelengths larger than 3.5 mm.

Thus, the effect of iron doping of borosilicate glass on sample
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temperature and hydrogen outgassing during furnace heating

is negligible. Similar qualitative observations were made

experimentally [8].

3.2. Incandescent lamp heating

This section discussed the effects of parameters controlling

radiation emitted by the incandescent lamp on the sample

temperature and on the hydrogen release rate along with the

effect of the Fe3O4 doping level. Note that the effect of the total

emissive power is obvious: as the total irradiance increases, the

temperature and the hydrogen release rate increases. This was

observed experimentally by increasing the lamp voltage [8]. It

will not be considered further in order to focus on less intuitive

effects. In fact, all simulations assessing the effect of diffuse

versus collimated incident radiation and of the lamp emission

spectrum were performed for the same heat input. The optical

properties of (i) undoped CGW 7070, (ii) 0.5 wt.%, and (iii)

2.0 wt.% Fe3O4 doped and reacted CGW 7070, shown in Fig. 2,

were used to assess the effect of the doping level on the sample

temperature and hydrogen release rate during lamp heating.

3.2.1. Diffuse versus collimated incidence radiation
The radiation emitted by an incandescent heat lamp is

delivered to the sample as a combination of collimated and

diffuse incident radiation [22]. Here, purely diffuse or colli-

mated incident radiations are considered separately.

Comparison of the temperature distributions across 1 mm

thick undoped and 2 wt.% Fe3O4 doped borosilicate glass

samples, subjected to collimated and diffuse incident irradi-

ation onto one face for T[¼ 2300 K and exchanging radiation

with the surrounding at Tsur¼ 25 �C, shows that the temper-

ature distribution is relatively uniform across the slab for both

diffuse and collimated incident radiation. In addition,

increasing the Fe3O4 doping level resulted in an increase in the

sample temperature at any given time. Indeed, increasing the

doping level of the borosilicate glass makes the slab more

absorbing in the spectral region between 0.8 and 3.5 mm where

more than 80% of the incident radiation from the lamp at

T[¼ 2300 K is concentrated.

Moreover, for the same doping level and total incident

radiative heat flux, diffuse incidence caused faster and larger

temperature rise than collimated incident radiation. It is

particularly true for high doping levels. This can be attributed

to total internal reflection of radiation coming from within the

sample and reaching its surface at angle larger than the crit-

ical angle qcr. This increases the photons’ path length and,

therefore, the energy deposited in the sample. However, it is

absent for normally collimated radiation. The same conclu-

sions were reached for different filament temperatures.

3.2.2. Effect of lamp emission spectrum
The effect of the emission spectrum of the incandescent lamp

was investigated by considering several values of the filament

temperature namely 1700 K, 2300 K, and 2900 K corresponding

to peak emission wavelength lmax of 1.7 mm, 1.26 mm, and

1.00 mm, respectively. The irradiance incident onto the sample

was kept constant and equal to qR ¼ 2sT4
f ¼ 2:33 W=cm2. Fig. 6

shows the evolution of the slab temperature as a function of

time for a 1 mm thick sample of CGW 7070 borosilicate slab
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Fig. 6 – Temporal evolution of the temperature of a 1-mm

thick sample with different Fe3O4 doping level exposed to

collimated or diffuse radiation with lamp temperature

T[ [ 1700, 2300, and 2900 K.
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with different Fe3O4 doping levels exposed to either collimated

or diffuse irradiance from incandescent lamp with different

filament temperatures. Unlike furnace heating, the doping

level has a strong effect on the temporal evolution of the

sample temperature. It is also interesting to note that, for

a given doping level and incident radiation, the steady-state

sample temperature is larger for T[ equal to 1700 K than for 2300

or 2900 K. This is due to the fact that the absorption coefficient

is larger for longer wavelengths and becomes significant for

wavelengths larger than 2.75 mm (see Fig. 2). Thus, as the lamp

temperature increases, the emitted radiation shifts to shorter

wavelengths and less energy is absorbed by the sample.

Moreover, the undoped sample reaches 99% of its steady-

state temperature of 291 �C after 150 s of exposure to the diffuse

irradiance from the lamp at 1700 K. Under the same conditions,

the CGW 7070 2.0% Fe3O4 doped samples reaches its steady-

state temperature of 356 �C after 105 s. Note that if kl is set

constant and equal to 0.0 for wavelengths between 500 nm and

3.5 mm, the same temperature evolution was observed whether

the irradiance was collimated or diffuse for any arbitrary value

of the lamp temperature. This suggests that precise knowledge

of the optical properties of the sample below the cutoff wave-

length is essential for accurate predictions of the evolution of

the sample temperature during lamp heating.

Finally, results shown in Fig. 6 for 2.0 wt.% Fe3O4 doped

samples indicate that the filament temperature has little effect

on the sample temperature for diffuse incidence. In other

words, for large enough doping level or absorption coefficient,

the entire incident heat flux provided in the form of diffuse

incident radiation is absorbed by the samples. Then, the

sample temperature behaves identically for the three filament

temperatures considered and reaches a steady-state value of

350 �C. The same behavior was observed for collimated radia-

tion but for larger Fe3O4 doping levels and/or thicker samples.

Then, the steady-state temperature reached 270 �C. This

should be compared with 350 �C obtained for diffuse incidence

and 400 �C for furnace heating for the same total heat input.

Similarly, Fig. 7 shows the hydrogen release rate RH2 ðtÞ as

a function of time for a 1 mm thick sample CGW 7070 borosil-

icate slab with different Fe3O4 doping levels exposed to either

collimated or diffuse irradiance for different lamp tempera-

tures but identical heat input. It is evident that the hydrogen

release rate increases with iron doping level as observed

experimentally for lamp heating [7,8]. For high doping level the

lamp temperature has no effect on the release rate if the inci-

dent radiation is diffuse. Note also that the maximum release

rate achieved with lamp heating was 2.1� 10�10 kg/m3.s under

diffuse incidence. For the same heat input, the maximum

release rate from samples directly exposed to furnace radiation

(Tf¼ 400 �C) was slightly larger at 3.0� 10�10 kg/m3.s.

3.3. Comparison with experimental data

Fig. 8a shows the temporal evolution of temperature of a

1-mm thick 2.0 wt.% Fe3O4 doped sample during furnace and

lamp heating and with and without the silica tube. The same

heat input was provided by the two radiation sources emitting

diffusely at Tf¼ 673 K and T[¼ 1700 K, respectively. Fig. 8a

indicates that the presence of the silica tube significantly

reduces the sample heating rate. Indeed, the sample reaches

99% of its steady-state temperature of 400 �C in about 400 and

530 s with silica tube thickness Lt of 1 and 1.5 mm, respec-

tively, as opposed to 60 s when the sample is directly exposed
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to furnace radiation. During lamp heating, the sample

temperature follows a similar trend as with furnace heating in

absence of silica tube but does not exceed 350 �C. This value

should be compared with the sample temperature of 472 �C

measured experimentally by Rapp [9] (Table III, p. 108) using

dilatometry method for the same sample composition. This

suggests that, in the experiments, the radiative heat flux

delivered by lamp heating was larger than that for furnace

heating at 400 �C. This could also be responsible for the

observed enhanced hydrogen outgassing.

Fig. 8b compares the hydrogen release rate computed in

the present study with the hydrogen partial pressure

measured experimentally using a mass spectrometer [8,9].

To enable meaningful comparison, the numerical results

were normalized with the maximum release rate

(RH2 ;max ¼ 1:3� 10�10 kg=m2:s) obtained during furnace

heating at 400 �C in presence of the silica tube with

Lt¼ 1.5 mm. Similarly, experimental data were normalized

by the corresponding maximum hydrogen partial pressure of

pH2 ;max ¼ 3:41� 10�7 torr (see Fig. 4.4 in Ref. [9]). Fig. 8b

indicates that hydrogen release rate is significantly slowed

down and reduced in magnitude by the presence of the silica

tube. The numerical results are very sensitive to the silica

tube thickness Lt, and increasing Lt from 1 to 1.5 mm results

in further delay in the peak of the hydrogen release rate.

Overall, the numerical simulations qualitatively predict

the trends in the hydrogen release rate observed experimen-

tally for both furnace and lamp heating. First, the peak in the

H2 release rate experimentally occurred around 118 s for

furnace heating with silica tube while it was predicted to

occur around 200 and 260 s for Lt equal to 1 and 1.5 mm,

respectively. Second, for lamp heating, the peak in H2 release

was experimentally observed after 30 s [9] compared with the

numerical predictions of 53 and 60 s for furnace heating

without silica tube and lamp heating, respectively. Third, the

numerical results predicted an increase by a factor of 1.2 to 1.6

in the maximum H2 release rate from furnace heating with the

silica tube (Lt¼ 1 mm) to lamp heating, respectively. Experi-

mentally, a factor 2.9 was observed.

The difference between the experimental results repor-

ted by Rapp and Shelby [8,9] and the numerical results can

be attributed to (i) multidimensional effects unaccounted

for in the simulations, (ii) the difference in the actual

emission spectrum of the lamp (Ref. [9], p. 362) compared

with the blackbody radiation simulated, (iii) the fact that

the total heat input provided experimentally during lamp

heating was likely to be larger than that provided during

furnace heating as previously discussed, and (iv) the ther-

mophysical and optical properties used differ from that of

actual samples.

Note that hydrogen outgassing is as fast and strong for

furnace heating without silica tube as it is for lamp heating.

This demonstrates that the participation of silica tube in the

thermal radiation transfer is mainly responsible for the

experimental observations [8]. In other words, for hydrogen

outgassing by furnace heating, the samples should be placed

in an evacuated container made of a material transparent to

the furnace radiation and able to withstand high tempera-

tures such as zinc sulfide (ZnS). Similarly, silica would be the

material of choice for the container during lamp heating

since it is transparent in the spectral region of emission of

the lamp. Then, however, the borosilicate glass needs to be

doped and reacted with H2 to increase its absorptivity in the

near-infrared part of the spectrum. A coating reflecting the

infrared radiation emitted by the sample could also be

deposited inside the containment tube to trap the emitted

radiation and increase the heating rate of the sample even

further.

Finally, similar analysis can be performed for a bed of

hollow glass microspheres. The difference lies in the fact that

effective thermal conductivity of the bed must be used and

scattering by the hollow microspheres must be accounted for.

Heat transfer analysis in packed beds [48–51] can be adapted

to predict the temperature inside a bed of HGMs heated by

a resistive heater or an incandescent lamp.
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4. Conclusion

This paper was concerned with hydrogen release from

undoped and Fe3O4 doped borosilicate glass by furnace or

incandescent lamp heating. The following conclusions were

reached:

1. For sample thinner than 10 mm, the temperature is nearly

uniform throughout the sample and lump capacitance

approach can be used.

2. Unlike during furnace heating, the sample temperature or

hydrogen release rate increase with increasing Fe3O4

doping levels for lamp heating under both diffuse and

collimated incidence. This is attribute to the fact that the

furnace emits mainly at wavelengths larger than 3.5 mm

where doping does not affect the absorption of borosilicate

glass. On the contrary, the doping increases the absorption

index below 3.5 mm where the radiation emitted by the

incandescent lamp is concentrated.

3. Both the temperature and the hydrogen release rate of

doped borosilicate samples are larger for diffuse than for

collimated incident radiation from an incandescent lamp

thanks to internal reflection within the sample.

4. For large enough doping levels the filament temperature T[

and collimated or diffuse incident radiation has no effect on

the temperature rise and on the hydrogen release rate

under otherwise identical heat input.

5. Lamp heating takes also advantage of the increase in

absorption due to both the Fe3O4 doping and its reaction

with H2 upon loading the samples.

Finally, the reported simulations carefully accounting for

the spectral behavior of the different glasses uses and using

reported thermophysical properties qualitatively predict the

experimental observations. For furnace heating, the silica

tube absorbs a large fraction of the radiation emitted by the

furnace walls around wavelength 4.3 mm. This results in

a delay in the temperature rise and a reduction in the

sample temperature and the H2 release rate. On the

contrary, the radiation emitted by a heating lamp is

concentrated between 0.5 and 3.0 mm and reaches the

sample since the silica tube is nearly transparent at wave-

lengths up to 3.5 mm (kl� 1� 10�5). However, between 0.8

and 3.2 mm borosilicate does not absorb significantly and

needs to be doped. Coincidentally, ferric ions increase the

absorption coefficient and also react with H2 to form ferrous

ions which increase the absorption coefficient of the sample

by two orders of magnitude (Fig. 2). Thus, doped and reacted

samples heat up much faster than undoped ones when

exposed to heating lamps. This results in an increase in the

H2 release rate. In brief, experiments under consideration

could be qualitatively explained in the framework of

conventional diffusion theory. However, the present study

does not explain some of the experimental observations [9]

including the facts that (1) Ar and Ne are incorporated in

the glass much faster with lamp heating than with furnace

heating and (2) hydrogen and deuterium are released much

faster than helium when samples are exposed to an

incandescent lamp.
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