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Abstract

Water vapor diffusion and partition coefficients in cement slabs were determined by solving the inverse problem of

one-dimensional unsteady mass diffusion based on measurements of the concentration of water vapor in a field and

laboratory emission cell (FLEC) system. A solution for multi-process mass diffusion was obtained to analyze the

influence of the non-uniform initial water vapor concentration distribution on the determination of diffusion and

partition coefficients. The main factors affecting the accuracy of the diffusion and partition coefficients were discussed.

Good agreement between the measured data and the predictions of the inverse problems showed that the mass diffusion

in the cement slabs could be described accurately by the one-dimensional model.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The determination of heat thermal conductivity and

other properties by solving the inverse heat transfer

problems has been studied extensively in the past few

decades [1–3]. These useful methods and experimental

techniques for thermal problems can be applied to the

study of inverse mass transfer problems due to their

strong similarity to heat transfer problems. Cox et al. [4]

estimated the VOC diffusion and partition coefficients by

fitting the predicted concentration of the unsteady mass

diffusion model to the experimental data on VOC

desorption or absorption processes in vinyl. Bodalal

et al. [5] determined the VOC diffusion and partition

coefficients in building materials by modeling the un-

steady VOC diffusion through a slab sealed between two

sample chambers.

On other hand, the field and laboratory emission cell

(FLEC) has become not only the standard equipment
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for studying the emission of VOCs from planar building

materials [6], but also a potential experimental setup for

investigating the mass diffusion process inside solid

materials. Since it is difficult, if not impossible, to di-

rectly measure the concentration of a substance inside a

piece of solid material or on material surface, a FLEC

may be the perfect way to obtain the concentration on

the emission surface of the solid material by measuring

the substance concentration of gas in contact with the

surface [7]. Meininghaus and Uhde [8] studied the VOC

desorption or absorption and unsteady mass diffusion

processes in building materials using two FLEC or one

FLEC experimental system.

In the present investigation, the unsteady diffusion

processes of water vapor in cement slabs were studied

using a one-FLEC system. The diffusion and partition

coefficients were determined simultaneously by solving

the inverse problem of the unsteady water vapor diffu-

sion in the cement slabs. Unlike conventional applica-

tions of FLEC, the water vapor emission surface was a

narrow ring, i.e., a partial emission surface in the FLEC,

on which a nearly uniform convection mass flux might

be achieved. Therefore, the mass diffusion in the test

sample may be approximated using a one-dimensional
ed.
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Nomenclature

A emission area (m2)

Bim mass transfer Biot number

C concentration (kg/m3)

D diffusion coefficient (m2/s)

F dimensionless average water content

Fom mass transfer Fourier number

K partition coefficient

k convective mass transfer coefficient (m/s)

L cement ring thickness (m)

M mass of cement sample

m total mass transfer

N number of objective measurement data

q air flow rate (ml/min)

Re Reynolds number

RH relative humidity

r radial coordinate (m)

Sc Schmidt number

Sh Sherwood number

T temperature (�C) or time constant

t time

um mean air velocity at the slit (m/s)

Greek symbols

d spacing between the emission surface and

the cap at air slit (m)

c dimensionless concentration

m kinetic viscosity (m2/s)

Superscript
0 air

Subscripts

a ambient air

in inlet of FLEC

m mean

o initial

out outlet of FLEC

s surface
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problem to simplify the analysis. In addition, some

factors affecting the determination of diffusion and

partition coefficients, particularly the effects of a non-

uniform initial distribution of water vapor concentration

in cement, were analyzed. Our ultimate goal was to

apply the method and technique to investigate the dif-

fusion of VOCs in building materials. Obviously, an

investigation of the water vapor diffusion using FLEC

with a convenient on-line technique of measuring the

moisture content of air is a promising way of

approaching the issue.
Fig. 1. FLEC (a) and cement sample (b).
2. Methodology and experimental apparatus

A cement ring was made by adding water to a mix-

ture of cement and sand and pouring it into a prior

machined ring slot on a stainless steel disk. The cement

ring in the stainless disk had three surfaces that came

into tight contact with the stainless steel, and one surface

on the same plane with the disk opening as the emission

surface, as shown in Fig. 1. After the cement had dried

and aged (about one month) in ambient air, the disk was

placed into the low chamber of a FLEC in order to

conduct the experiments.

2.1. Air flow loop

Dry synthetic air (with a moisture content of less

than 5 ppmv) from a gas cylinder was conditioned in an

air supply unit for the desired humidity by letting part of
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the air pass through a water bubbler and then mixing the

rest of dry air. The air was then introduced into a FLEC

through its inlet, and the air formed a laminar flow in

the slit of the FLEC, as shown in Fig. 1. Air was dis-

charged out of the FLEC, after the convective mass

transfer process with the cement emission surface was

completed.

The rate of air flow into the FLEC was measured and

controlled by an air pump before the FLEC inlet. At the

same time, a built-in dual temperature–humidity sensor

measured the temperature and relative humidity (RH) of

inlet air. In a similar way, the temperature and RH of air

flow out of the FLEC outlet were monitored by another

air pump and built-in sensor of the same type. To

maintain the slightly positive pressure in the FLEC to

prevent the possible leakage of ambient air into the

FLEC, the flow rate of air flowing through the second

pump after the outlet was smaller than that flowing into

the FLEC. The rest of the air was discharged out of the

FLEC under this positive pressure. A more detailed

description of the experimental setup can be found in [9].

2.2. Accuracy of the measurements

Since several parameters in the present experiment,

such as air flow rate, RH and temperature, might play

fundamental roles in determining the diffusion and

partition coefficients, the accuracy of the measurement

of those parameters is what finally decides the accuracy

of the diffusion and partition coefficients. Thus, partic-

ular care was taken to calibrate the air flow rate of the

pumps and the RH sensors. The accuracy of the mea-

surement of the air flow rate was better than 1%. RH

measurements had an uncertainty smaller than 1% over

a range of 0–95%. For a low humidity situation of

RH¼ 10–20%, the RH measurement had even better

accuracy.

2.3. Determination of the convective mass transfer coef-

ficient

In the same way as described in [9], a water ring made

by filling the ring cavity on a plastic plate with water was

used as an emission surface for water vapor; i.e., a ce-

ment ring was replaced by the water ring with a known

RH¼ 100% on the emission surface. Convective mass

transfer was obtained by measuring RH increments of

dry synthetic air after the mass transfer had reached

steady. A group of water rings with a fixed outside

diameter equal to that of the outside diameter of the

cement ring, but with different inside diameters was

applied to obtain the relationship between the average

convective mass transfer coefficient and the inside

diameters of the water rings. Finally, the following for-

mula was obtained to estimate the average convective

mass transfer coefficient, k,
Shm ¼ 0:74Re0:86 Sc0:68
ro � r
2d

� ��0:68

; ð1Þ

where

Shm ¼ 2kd
D0 ; Re ¼ 2umd

m
; Sc ¼ m

D0 : ð2Þ

Here, ro and r are the outside and inside diameters of the

emission ring, d is the slit width of the FLEC at a radial

position of r, um is the mean air velocity in the slit, and

D0 and m are the water vapor diffusion coefficient in air

and air kinetic viscosity, respectively.
3. Theory

3.1. One-dimensional unsteady mass diffusion

A cement ring has three surfaces in tight contact with

stainless steel, because of the way it has been formed.

These three surfaces can be considered as being mass-

insulation because of the extremely low diffusion coef-

ficient of water vapor in stainless steel. In addition, a

convective mass flux can be considered to be approxi-

mately uniformly distributed over the emission surface

of the cement ring. Therefore, mass diffusion in the ce-

ment ring may be regarded as one-dimensional unsteady

diffusion with the third boundary condition on the

emission boundary.

The diffusion equation can be written as by assuming

the constant diffusion coefficient, D,

oC
ot

¼ D
o2C
oy2

; ð3Þ

where C is the water vapor concentration in cement (kg/

m3); and t and y are time and the coordinate perpen-

dicular to the emission surface. However, the diffusion

coefficient of water vapor in porous material like cement

usually is not a constant and depends on the water vapor

content because of the non-linearity of water vapor

diffusion [10]. D should be considered to be an effective

diffusion coefficient, or, an average diffusion coefficient

over a definite range of water vapor content [11]. Since

VOC content in building material will be much smaller

than water vapor concentration in cement, the constant

diffusion coefficient assumption may be more suitable to

VOC diffusion [12]. The boundary and initial conditions

are

oC
oy

����
y¼0

¼ 0;

� D
oC
oy

����
y¼L

¼ kDC0;

ð4Þ

Cð0; yÞ ¼ Co; ð5Þ



2064 R. Luo, J.L. Niu / International Journal of Heat and Mass Transfer 47 (2004) 2061–2072
where L is the thickness of the cement, as shown in Fig.

1(b), and k is the average convective mass transfer

coefficient over the emission surface of the cement.

DC0 ¼ DC0
out�DC0

in

lnðDC0
out=DC

0
in
Þ is the log mean concentration differ-

ence in air between the emission surface and the bulk air

flow with DC0
out ¼ C0

s � C0
out and DC0

in ¼ C0
s � C0

in. C0
out

and C0
in are the concentrations of water vapor in air at

the entrance and at the existence of the air slit section on

the emission surface. And, C0
s is the water vapor con-

centration on the emission surface. Also, they are equal

to the concentrations at the outlet and inlet of FLEC.

From mass conservation, we have

qðC0
out � C0

inÞ ¼ kADC0 � kA C0
s

�
� C0

out þ C0
in

2

�
; ð6Þ

where q is the air flow rate and A is the area of the

emission surface. To simplify the analysis, the log mean

concentration difference can be approximated by the

arithmetic mean difference. It should be noted that the

ring emission surface also makes this approximation

more accurate due to the short concentration boundary

layer over the emission surface as shown in Fig. 1.

At the interface between air and cement, the water

vapor concentration on two sides is in a local equilib-

rium. This is described as

Cs ¼ KC0
s; ð7Þ

where K is the water vapor partition coefficient at the

cement–air interface [4,12].

Using Co � KC0
in ¼ Co � Cin and L as the character-

istic concentration and length, we obtain

oc
oFom

¼ o2c
oy2

; ð8Þ

oc
oy

����
y¼0

¼ 0;

� oc
oy

����
y¼1

¼ Bimc;
ð9Þ

cð0; yÞ ¼ 1; ð10Þ

where

c ¼ C � Cin

Co � Cin

¼ C0 � C0
in

C0
o � C0

in

; Fom ¼ Dt
L2

;

Bim ¼ kL
DK

1

1þ kA
2q

� � : ð11Þ

A well-known solution for Eq. (8) and boundary-initial

conditions (9) and (10) is

c ¼
X1
n¼1

bn cosðknyÞeð�k2n FomÞ; ð12Þ

where the characteristic values, kn, are the positive roots
of
kn tanðknÞ ¼ Bim ð13Þ

and

bn ¼
2 sinðknÞ

kn þ sinðknÞ cosðknÞ
: ð14Þ

The following relationships can be derived from Eq.

(6)

C0
s ¼

1

1� ekA=q
C0

in

�
� C0

oute
kA=q

�
; ð15Þ

cðFom; 1Þ ¼
1

2

�
þ q
kA

�
C0

out � C0
in

C0
o � C0

in

¼ 1

2

�
þ q
kA

�
cout: ð16Þ

Eq. (15) will be used to obtain the concentration of

water vapor on the emission surface from the measured

results, cout, at the inlet and outlet of the FLEC. At

Fom ¼ 0, i.e., t ¼ 0, C0
o ¼ C0

s. In a similar way, Eq. (16)

links the measured results to the concentration on the

emission surface.

In addition, integrating Eq. (6) over time for the

whole mass transfer process yields the total mass

transfer from the cement. Then,

m ¼
Z t

0

qðC0
out � C0

inÞdt

¼ A
Z L

0

ðCðy; tÞ � Cðy; 0ÞÞdy ð17Þ

generates

m ¼ q
X

ðC0
out � C0

inÞjDtj; ð18Þ

m ¼ ALKðC0
s � C0

inÞ 1

�
�
X bn

kn
sin kne

�Fo k2n

�

¼ ALKðC0
s � C0

inÞð1� F Þ ð19Þ

Total mass transfer m may be determined experi-

mentally both by measuring the water vapor concen-

tration difference series, ðC0
out � C0

inÞj, in the outlet and

inlet of the FLEC using Eq. (18), and by weighing the

cement sample before and after a test. As a result, the

partition coefficient, K, may be estimated from the total

mass transfer m and from the initial water vapor con-

centration in cement, C0
s ¼ C0

o, using Eq. (19).

3.2. Inverse problem of the unsteady mass diffusion

The inverse problem of the unsteady mass diffusion is

posed in the following way: for the given test conditions

such as the cement geometric dimensions A and L, air
flow rate q, and convective mass transfer coefficient k, a
pair of the diffusion and partition coefficients D and K
will be found to minimize the difference between the

solution (12) and a set of measurements cj. A widely
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used objective function for the difference is the sum of

the squared residuals [3]

S ¼
X
j

ðcðFomj; 1Þ � cjÞ
2
: ð20Þ

To minimize S requires

oSðD;BimÞ
oD

¼ oSðD;BimÞ
oBim

¼ 0: ð21Þ

Here, for simplicity, Bim instead of K is used as the sec-

ond parameter. Substituting Eq. (21) in Eq. (20) yields

X
j

ðcðFomj; 1Þ � cjÞ
ocðFomj; 1Þ

oD
¼ 0; ð22Þ

X
j

ðcðFomj; 1Þ � cjÞ
ocðFomj; 1Þ

oBim
¼ 0: ð23Þ

Eqs. (22) and (23) should be solved by an iteration

method because of their non-linearity. The Levenberg–

Marquardt Method is used here to obtain the following

iterative form [3]

Pnþ1 ¼ Pn þ ðJðPnÞTJðPnÞ þ lnXnÞ�1
JðPnÞTðcðPnÞ � cÞ;

ð24Þ

where ln in association with Xn is used to damp

numerical oscillations and instabilities. And

PT ¼ ½D;Bim�; ð25Þ

JðPÞT ¼

ocðFom1; 1Þ
oD

; . . . ;
ocðFomj; 1Þ

oD
; . . . ;

ocðFomN ; 1Þ
oD

ocðFom1; 1Þ
oBim

; . . . ;
ocðFomj; 1Þ

oBim
; . . . ;

ocðFomN ; 1Þ
oBim

2
664

3
775;

ð26Þ

ðcðPnÞ� cÞT ¼ bðcðFom1;1Þ� c1Þ; . . . ; ðcðFomj;1Þ� cjÞ; . . . ;
ðcðFomN ;1Þ� cN Þc; ð27Þ

Xn ¼ diagbJðPnÞTJðPnÞc: ð28Þ

For a set of measurements of water vapor concen-

tration in the inlet and outlet of the FLEC, the con-

centration of water vapor on the emission surface of the

cement, c ¼ bcjc, can be estimated by Eq. (15). This

concentration is then used to determine PT ¼ ½D;Bim�
using Eq. (24).

3.3. Multi-process mass diffusion

The initial distribution of water vapor in cement is

assumed to be uniform in Section 3.1. However, unlike

heat conduction in solids, it is difficult to uniformly

distribute water vapor in solids because the mass diffu-

sion coefficient is usually much smaller than thermal

diffusivity. Non-uniform initial distribution may result
in error determinations of diffusion and partition coef-

ficients.

This problem can be analyzed in a more general way.

A non-uniform water vapor distribution results from

either short-time water vapor desorption from the

emission surface of cement or from absorption. A simple

way to achieve a uniform distribution is to seal the

emission surface for a long time. In a similar way, a

long-time desorption or absorption may also generate a

uniform distribution. However, a desorption or ab-

sorption process in experimental investigations usually

lasts a relatively short time and, more importantly, two

processes may be conducted without interruption in

some VOC measurement tests [4,13]. Therefore, the

influence of non-uniform initial distribution generated

from those short-time processes on the determination of

diffusion and partition coefficients should be clarified. In

addition, it should be known how long it will be neces-

sary to seal the emission surface to obtain a desired

uniform distribution.

Consider a mass transfer problem consisting of a few

continuous desorption, absorption or sealing processes,

which means that the problem has different boundary

conditions on the emission surface. The first process is

assumed to have a uniform initial distribution and Bim.
At time Fo ¼ Foð1Þ, the concentration in the cement is

c ¼ CðFoð1Þm ; yÞ � Cin

Co � Cin

: ð29Þ

A process with the mass Biot number, Bið1Þm , and inlet

concentration, C0ð1Þ
in , then starts at this time. It has an

initial distribution

cð1Þo ¼
Cð1Þ

oy � Cð1Þ
in

Cð1Þ
os � Cð1Þ

in

¼ ðCo � CinÞ
P

bn cosðknyÞe�Foð1Þm k2n þ Cin � Cð1Þ
in

ðCo � CinÞ
P

bn cosðknÞe�Foð1Þm k2n þ Cin � Cð1Þ
in

;

ð30Þ

where the initial distribution for the second process has

been normalized by the difference between the surface

concentration, Cð1Þ
os , at the time Fo ¼ Foð1Þ and

Cð1Þ
in ¼ KC0ð1Þ

in . Based on the initial distribution, the coef-

ficient in Eq. (12) for the second process, bð1Þn , is given as

bð1Þn ¼

kð1Þn

2kð1Þn þsinð2kð1Þn Þ

P
k

bk cosðkkÞ cosðk
ð1Þ
n Þe�Fo

ð1Þ
m k2

k

ðBið1Þ
2

m �Bi2mÞ
þ bnðkð1Þn Þcð1Þ

P
bn cosðknÞe�Foð1Þm k2n þ cð1Þ

;

Bið1Þm 6¼ Bim;

bn
ðe�Foð1Þm k2n þ cð1ÞÞP

bn cosðknÞe�Foð1Þm k2n þ cð1Þ
;

Bið1Þm ¼ Bim;

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

ð31Þ
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where Cð1Þ
in is the inlet concentration in the second pro-

cess and bnðkð1Þn Þ is calculated from kð1Þn using Eq. (14),

and

cð1Þ ¼ Cin � Cð1Þ
in

Co � Cin

: ð32Þ

In a similar way, the initial distribution and the

coefficient in Eq. (12) for the following processes can be

determined as soon as the boundary conditions and the

inlet water vapor concentration are given. This series of

solutions was used in the direct problems of mass dif-

fusion in the present study. Its application to the inverse

problem is straightforward but requires more compu-

tation time for the calculation of bðiÞn .
Fig. 2. Non-loading tests and dynamic response of FLEC

system. The curve has T ¼ 1 h (line).
4. Results and discussion

Three cement samples were used to conduct the water

vapor desorption and absorption tests. Their dimensions

and some properties are given in Table 1. In Table 1, the

mass ratio was the weight ratio of cement, sand and

water when the cement samples were made. But the

water content might change because water tends to form

a layer on top of the mixture and to evaporate as the

cement and sand become sedimented. The dry weight of

a cement ring was obtained under its water content

smaller than 10% of saturated water content, usually

after the cement ring was baked 48 h at 80 �C.
Two air flow rates, 50 and 100 ml/min, were used in

the tests for S2. Only 100 ml/min was used in the other

tests. The average convective mass transfer coefficient

estimated using Eq. (1) is k ¼ 0:00108 (m/s) at q ¼ 100

(ml/min) and k ¼ 0:00058 (m/s) at q ¼ 50 (ml/min) for

S1 and S2, and k ¼ 0:00136 (m/s) for S3.

4.1. Non-loading tests

Non-loading tests were conducted for each flow rate

and inlet humidity condition of air to obtain the dy-

namic response of the FLEC system without water

vapor emissions from the cement samples. All test con-

ditions and procedures were completely the same as

those in the real test runs, except that the lower emission

chamber of FLEC was replaced by a stainless steel plate.

Fig. 2 shows some results of the non-loading tests. The
Table 1

Dimensions and properties of samples

Code Mass ratio

cement:sand:water

O.D. 2r0
(mm)

I.D. 2r
(mm)

S1 2:1:1 115 75

S2 1:1:0.5 115 75

S3 4:1:1 150 130
outlet water vapor concentration in non-loading tests

can be described as

ca ¼
C0

out � C0
in

C0
a � C0

in

¼ ð1� aÞe�ðt=T Þ þ a ð33Þ

where C0
a is the ambient humidity in the lab. Since the

FLEC system had some plastic tubes and connections

for flexibility, moisture in the atmosphere would diffuse

into the system. The first term depends on the volu-

metric and surface absorption–desorption effects of the

FLEC system, and is a short-time term, as shown in Fig.

2. The second term is dependent on the moisture dif-

fusing through the FLEC system from the ambient air,

and affects the FLEC system permanently. Thus, the

second term must be used to modify the RH measure-

ments of the real tests.

Fig. 2 shows that the FLEC system has an almost

stepwise response due to its small volume and low

absorption internal surfaces [13]. This means that the

water vapor concentrations in air at the local entrance

and at the local existence of the air slit section on the

emission surface may be represented by those at the RH

sensors out of the FLEC without delay. The test results

show that a is independent of the air flow rate but

slightly dependent on ambient temperature. a ¼ 0:065 in

the present experiments, which was used to obtain the

modification to the measured RHout.
Thickness L
(mm)

Emission area A
(cm2)

Dry weight of

cement (g)

8.5 59.69 100.5

8.8 59.69 104.2

10 43.98 –
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4.2. Determination of diffusion and partition coefficients

A total of 12 test runs were conducted with different

flow conditions and inlet humidity to study the main

factors affecting the determination of diffusion and par-

tition coefficients. All of the test conditions and impor-

tant parameters are given in Table 2. RHoutO and RHoutF

are relative humidities in the outlet of the FLEC at the

start and the end of the run, respectively. Ta and RHa

are, respectively, the ambient air temperature, i.e., the

temperature of the FLEC, and the relative humidity in

the lab. DRHa is a modification of the measured RHout,

as mentioned in Section 4.1, where DRHa ¼ aðRHa �
RHinÞ. Duration is the length of time of the test run. Mo

is the cement mass at the start of the test. mw is the total

mass transfer obtained by weighing the mass difference

of the sample before and after the run. mE is total mass

transfer estimated from the sum of all moisture trans-

ported by air flow using Eq. (18).
Table 2

Test conditions and important parameters

Sample Run code q (ml/min) RHin

(%)

RHoutO

(%)

RHoutF

(%)

S1 S1D1(14/4) 100 2.0 99.5 19.8

S1D2(5/5) 100 1.7 98.0 12.7

S1D3(24/5) 100 1.7 81.0 16.8

S1A4(26/4) 100 98 18.5 95.0

S2 S2D1(28/5) 100 1.8 75.1 8.9

S2D2(6/6) 100 1.8 99.0 13.5

S2D3(11/6) 50 1.8 41.7 8.3

S2D4(7/7) 50 1.5 80.2 10.3

S2A5(23/5) 100 76 15.0 73.8

S2A6(20/6) 50 90 22.8 82.8

S3 S3D1(2/4) 100 15 66.8 21.3

S3A2(12/4) 100 96 22.3 92.3

Table 3

Diffusion and partition coefficients

Sample Run code ti (h) DðE� 10Þ (m2/s) Bim

S1 S1D1(14/4) 22.8 0.62 5.01

S1D2(5/5) 22.3 0.75 11.35

S1D3(24/5) 24.2 0.71 12.31

S1A4(26/4) 24.3 0.74 14.81

S2 S2D1(28/5) 23.5 1.19 10.63

S2D2(6/6) 18.6 1.12 9.40

S2D3(11/6) 20.3 0.47 9.81

S2D4(7/7) 22.2 1.10 5.54

S2A5(23/5) 22.9 1.27 7.28

S2A6(20/6) 23.0 1.13 5.05

S3 S3D1(2/4) 22.5 0.86 6.02

S3A2(12/4) 23.6 0.86 9.51
Diffusion and partition coefficients determined from

all test runs and other results are given in Table 3. K1,

K2, and K3 are the partition coefficients obtained

respectively by solving the inverse problem with the

method in Section 3.2 and by using weighed and esti-

mated total mass transfer, m, in Eqs. (18) and (19). N is

the number of measured data, cj, that were used to solve

the inverse problem (see Eqs. (26) and (27)). S is the

minimum of the sum of the squared errors in Eq. (20).

At the starting stage of each run, the real mass

transfer process cannot be described accurately by the

one-dimensional mass diffusion, and the initial distri-

bution in cement may be slightly non-uniform. In

addition, although the FLEC system has a quick dy-

namic response as discussed in Section 4.1, the short-

time term in Eq. (32) could function even in the first

several hours due to the desorption of water vapor ab-

sorbed on the surfaces of the FLEC system. Therefore,

the measured outlet water vapor concentration at the
Ta
(C)

RHa

(%)

DRHa

(%)

Duration

(h)

Mo

(g)

mw

(g)

mE

(g)

24.2± 1 81 5.1 262.9 107.73 6.11 5.91

25.6± 1 70 4.6 166.8 103.38 2.47 2.35

24.8± 1 73 4.6 72.8 102.15 1.40 1.41

24.5± 1 78 )1.3 215.3 101.60 1.51 1.69

24.9± 1 72 4.7 95.9 105.62 0.81 1.08

26.0± 1 76 4.8 93.0 108.80 2.39 2.38

25.2± 1 70 4.6 186.2 106.52 0.77 0.65

25.5± 1 68 4.5 200.1 105.79 2.08 2.13

25.1± 1 73 )0.1 97.1 104.28 1.33 1.46

25.2± 1 75 )0.4 170.8 105.13 1.36 1.41

24.0± 1 75 3.8 239.5 – – 2.68

24.1± 1 83 )0.8 279.8 – – 2.74

K1 K2 K3 F N (S/N)0:5

10059 9811 9490 0.225 31 0.012

3663 3551 3379 0.236 14 0.005

3565 3821 3844 0.502 12 0.003

2834 2583 2891 0.152 30 0.015

2663 2321 3094 0.294 16 0.004

3072 2922 2909 0.331 12 0.004

3620 2337 1973 0.386 32 0.010

2711 2591 2654 0.198 30 0.012

3511 2860 3120 0.299 20 0.020

2896 2100 2177 0.192 26 0.014

9371 – 8912 0.254 33 0.004

5950 – 5628 0.152 35 0.012
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starting stage was not used as objective measurement

data for determining the diffusion and partition coeffi-

cients. The data measured after the time, ti, were used in

order to minimize the influence of multi-dimensionality

and the non-uniform initial distribution.

4.3. Absorption and desorption

Fig. 3 shows the measured dimensionless difference in

concentration of water vapor between the outlet and

inlet of the FLEC in the desorption and absorption tests,

S1D1, S1D2, S1D3, and S1A4, for sample S1. The lines

in Fig. 3 are the predictions of the difference in dimen-

sionless water vapor concentration for the tests accord-

ing to diffusion and partition coefficients determined by

solving the reverse mass diffusion problems.

Usually the diffusion coefficient is dependent on the

water vapor content in cement; i.e., it is not a constant

due to the non-linearity of water vapor diffusion in

porous solids [10,14]. Although desorption tests S1D2

and S1D3 have different initial water vapor concentra-

tions, variations of their measured dimensionless water

vapor concentrations versus time almost coincide, and

they then have almost the same determined diffusion

coefficients of D. However, since the duration of test

S1D3 is 72.8 h, the average water content during the

measurement of the outlet water vapor concentration to

determine the diffusion coefficient is close to that of test

S1D2, which has a duration of 166.8 h. So, two tests

actually had nearly the same water vapor content when

their diffusion coefficients were determined. Thus, it is

not surprising to find that the two tests have close dif-

fusion coefficients.

The absorption process, S1A4, also has the same

diffusion coefficient, but has a different partition coeffi-

cient. This resulted from the so-called adsorption hys-

teresis, due to the porous structure of cement [15]. An
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Fig. 3. Water vapor concentration output: Tests and solutions

of inverse problems for desorption (S1D1-D3) and absorption

(S1A4).
unusual result is that test S1D1 has a very different

desorption process compared with S1D2 and S1D3. Its

partition coefficient is much larger and the total mass

transfer reaches 6 g. This indicates that free water

(liquid) existed in the cement sample during test S1D1.

Fig. 4 shows three test results for sample S2. The

most different flow condition is that the air flow rate was

50 ml/min in the two tests, S2D4 and S2A6. For tests at

a lower flow rate, the measurements of RH at the outlet

of FLEC were susceptible to surrounding conditions.

This would result in unstable measured water vapor

concentrations. As a result, the minimum of the square-

root-mean error, (S/N)0:5, is obviously larger than those

for the tests at a flow rate of 100 ml/min (see Table 3).

In a similar way, the fluctuation of the measured

water vapor concentration in the absorption tests con-

siderably affects the determination of the diffusion and

partition coefficients and leads to unreasonable results,

particularly for the short duration test, S2A5, as shown

in Fig. 4. Indeed, S2A5 has the largest (S/N)0:5.

4.4. Effects of non-uniform initial distribution

Fig. 5 shows two tests for S3. An absorption process,

S3A2, followed a desorption process, S3D1, without

interruption. For this reason, absorption S3A2 appears

to have a more obvious hysteresis than S1A4 and S2A6.

However, this might result from the effects of non-uni-

form initial distribution for S3A2. The prediction of a

direct problem solution for the desorption–absorption

run based on the analysis in Section 3.3 shows that, al-

though the desorption process S3D1 lasted for 239.5 h,

the non-uniform water vapor concentration distribution

generated by the desorption still affected the absorption

process, S3A2, as shown in Fig. 6.

Fig. 6 shows two tests for S2. Both tests S2D1(28/5)

and S2D2(6/6) are desorptions. Before S2D2(6/6), sam-

ple S2 was sealed for 48 h at temperature of 80 �C for a
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better uniform initial distribution of water vapor. Unlike

S2D2, S2D1(28/5) was conducted with only a 24 h

sealing of S2 at room temperature after the absorption

test, S2A5. Fig. 7 later shows that a 24 h sealing at room

temperature after an absorption process created a nearly

uniform water vapor distribution for cement sample S2,

with a relatively large diffusion coefficient. But, there is a

noticeable difference between the two desorption tests

that might result in a slightly large diffusion coefficient

and, in particular, a small partition constant. If a

desorption test proceeds immediately after an absorp-

tion process (S2A5), it will generate a very different

water vapor concentration output from that of a normal

desorption with a uniform initial distribution (see the

thick dashed line at the bottom of Fig. 6).

Fig. 7 shows the evolution of the water vapor con-

centration distribution in cement sample S2 during a

whole test circulation, consisting of an absorption
(S2A5), a sealing (24 h), and a desorption (S2D1). It can

be seen that the water vapor concentration peak near the

emission surface (y ¼ 1) produced during the absorption

is damped by the sealing and the desorption. It should

be noted that the dimensionless water vapor con-

centration in Fig. 7, unlike that in Fig. 6, has been

normalized with Cin � Cð1Þ
in ¼ Cin � Cð2Þ

in to compare three

processes according to the same base.

Fig. 8 shows another desorption test for S2, S2D3(11/

6). A diffusion coefficient much smaller than those in

other tests for S2 was obtained. Since the diffusion

coefficient is dependent on average water vapor concen-

tration and very different diffusion coefficients were ob-

served for different concentration diffusions by

Garbalinska [11], this result might be partially due to the

small average water content. However, an unordinary

large initial cement sample weight in S2D3(11/6) indi-

cates that the initial average water content should be
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much higher than that presented by its maximum output

relative humidity, RHOutO, as shown in Table 3. In a

similar way to S2D2(6/6), S2D3(11/6) also followed a 26

h sealing. However, the process before the sealing was

S2D2(6/6); i.e., another desorption. Dimensionless water

vapor concentration outputs predicted based on the di-

rect problem for the multi-process diffusion, including a

desorption S2D2(6/6), a sealing (26 h), and a desorption

(S2D3), also are given in Fig. 9. The measured data agree

with the prediction for the third process, i.e., desorption

S2D2 (11/6) if Dð2Þ ¼ 0:72E� 10 (m2/s), which is con-

siderably larger than that obtained from the inverse

problem solution for the data. The evolution of the water

vapor concentration in the cement sample, S2, during the

multi-process mass diffusion is shown in Fig. 9.

Figs. 7 and 9 show that the water vapor concentra-

tion on the emission surface (y ¼ 1) changes quickly in

the starting stage of a desorption or absorption, while

the concentration inside cement is almost not affected.

This indicates that the major resistance to the mass

transfer is from the mass diffusion process, due to the

extremely low water vapor diffusion coefficient in ce-

ment. As a result, the water vapor concentration on the

emission surface decreases to a very low level after the

desorption or absorption process has lasted, say, a

quarter or half hour later. Particularly, the surface water

vapor concentration will be smaller if the convective

mass transfer coefficient may be larger here, e.g. at the

leading edge of the concentration boundary layer over

the emission surface as shown in Fig. 1(b). Therefore,

although the local convective mass transfer coefficient is

not uniform on the emission surface as shown by Eq. (1),

the mass transfer flux is still approximately uniform

owing to the self-adjustment action.

In addition, because the mass diffusion equation with

a constant diffusion coefficient, like Eq. (3), is linear, its

averaged one-dimensional solution in the y-direction can
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be obtained by integrating local two- or even three-

dimensional solutions over the plane perpendicular to

the y-direction, i.e., parallel to the emission surface, if

the water vapor concentration distribution is not uni-

form in the plane. The integration can be performed

simply by applying the averaged boundary condition on

the whole emission surface. A quite similar but reversely

performed approach has been widely used to solve

problems of multi-dimensional heat conduction. As we

all know, a solution to a multi-dimensional heat con-

duction problem is a direct product of two or three one-

dimensional solutions. Following the same principles,

the mass diffusion process in the cement samples could

be described accurately using the one-dimensional

solution although the mass convection flux on the

emission surface may be not strictly uniform.

It should be noted that the concentration of dimen-

sionless water vapor on the emission surface at the

starting stage may be so large that the dimensionless

water vapor concentration at the FLEC outlet calcu-

lated in Eq. (16) should be over 1. This indicates that the

air becomes saturated at the initial emission surface

concentration after the air passes through only a part of

the emission surface. The mass transfer saturation only

happens within a quarter or half hour after the test starts

for the present investigation, since the average convec-

tive mass transfer coefficient is large due to the small

emission area as calculated by Eq. (1).

4.5. Error analysis

One way of analyzing possible errors of determined

diffusion and partition coefficients is to study how sen-

sitive the diffusion and partition coefficients are to

experimental conditions and to measurements of test

parameters. Table 4 gives the changes in the diffusion

and partition coefficients for tests S1D2 and S2D4 if one

of several parameters or measured data increases by

20%. Here, the number of measured water vapor con-

centration data used for solving the inverse problems, N ,

are increased by 3 for both selected tests, which also

means a smaller ti, see Table 3. The ti for tests S1D2 and

S2D4 decreased to 4.2 and 9 h.

Diffusion and partition coefficients are not sensitive

to the convective mass transfer coefficient. The deter-

mined partition coefficients change considerably if the

air flow rate is increased by 20%. However, there is a

tiny possibility that a flow rate error of 20% will occur.

A similar statement holds for the maximum water vapor

concentration difference, C0
o � C0

in. Errors in the maxi-

mum water vapor concentration difference may result

from an inaccurate estimate of C0
o in Eq. (15). In addi-

tion, a uniformly systematic error in the measurements

of water vapor concentration leads to the same influence

on the determined diffusion and partition coefficients as

C0
o � C0

in because the dimensionless water vapor con-



Table 4

Sensitivities of D and K to experimental conditions and measurements of test parameters

Test Change of D and K k q DRHa C0
o � C0

in N

S1D2(5/5) DD=D )0.016 0.019 0.178 )0.043 0.005

DK=K 0.003 0.191 )0.126 )0.153 )0.161

S2D4(7/7) DD=D )0.031 0.036 0.123 )0.090 0.025

DK=K 0.007 0.190 )0.096 )0.149 )0.004
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centrations, cj, normalized by C0
o � C0

in were used as the

objective measurement data for the inverse problems.

A larger N means that more data will be used to solve

the inverse problem and that the data were those mea-

sured in the early stage of the test. If N is small, a few

more cj measured in the early stage of test may alter the

determination of D and K, as seen in test S1D. In con-

trast, a large N will give rise to more reasonable and

unaffected results.

As shown in Table 4, the most serious changes in D
and K occur if DRHa increases by 20%. Therefore, the

major error may result from the inaccurate measurement

of relative humidity in both test runs for D and K or in

non-loading runs for the dynamic response of the FLEC

system. A non-uniformly systematic error of the mea-

sured relative humidity RH in test runs will affect the

accuracy of D and K in the same way as the error of

DRHa. For a desorption test, RH is usually 10–20%

except in the early stage of the test, and DRHa. is around

5%. Thus, 20% of DRHa is about 1%. To make the

accuracy of the measurement of RH better than 1%

within RH¼ 10–20%, particular care was paid to the

calibrations for the RH sensors. As a result, the diffusion

and partition coefficients determined in the present study

have an accuracy of better than 15–20%.

To reduce the uncertainty in DRHa, plastic tubes and

connections used in the present experiments should be

replaced by stainless steel ones for minimum DRHa. If

possible, the RH sensors should be mounted directly on

the inlet and outlet of the FLEC body.
5. Conclusion

The mass transfer of water vapor in cement was

investigated using a one-FLEC system to determine the

water vapor diffusion and partition coefficients by solv-

ing the inverse unsteady mass diffusion problem. Multi-

process mass diffusion problems were also analyzed to

study the influence of the non-uniform initial water

vapor distributions on the determination of diffusion

and partition coefficients. Several conclusions can be

drawn as follows:

(1) Although the local convective mass transfer coeffi-

cient on the emission surface is not uniform, the un-

steady mass diffusion in the cement samples can be
described accurately by one-dimensional problems

due to the dominant resistance of mass diffusion

and the linearity of the mass diffusion equation.

Good coincidence between the measured water

vapor concentration output and the result predicted

by solving the inverse problem of the one-dimen-

sional unsteady mass diffusion supports this state-

ment.

(2) The non-uniform initial water vapor concentration

distribution may result in considerable errors in

the determined diffusion and partition coefficients.

To avoid the errors, the test sample should be sealed

for a long time that makes Fom > 1 for a good uni-

form initial distribution.

(3) The measurement errors in the relative humidity of

air is the major factor affecting the diffusion and par-

tition coefficients. An RH error of 1% might result in

errors of 15–20% in the diffusion and partition co-

efficients. Determined diffusion and partition coeffi-

cients for desorption tests have a better accuracy

than those for absorption tests.

(4) The FLEC system has a fast dynamic response due

to its small volume and internal surfaces of low

absorption. The water vapor concentration on the

emission surface could be represented without delay

by the concentration in the outlet of the FLEC.
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