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Heat and moisturetransfer behaviour in Phyllostachys edulis (M oso
bamboo) based panels

Puxi Huang, Y.M.John Chew WenShao Chant Martin P. Ansefl, Mike Lawrencé, Eshrar Latif,
Andy Shed Graham Ormondroydnd Hu Dd

Abstract

This study focuses on the heat and moisture transfer behaviours in thesfbitys edulis (Moso
bamboo) panels in various temperature and relative humidity (RH) conditions. Moso bambego panel
with different lamination methods were prepared by bamboo strips from diffagems of bamboo
culm wall. The dynamic coupled heat and moisture transfer experiments were condusteddy
state numerical modelling was conducted by COMSOL Multiph{4ica rigorous approach was
adopted in this paper, firstly a series of parametric studies of numerical simulatiiostigrpresented
in this paper and then validated by the experiments. Both experiment and simulatisnagsedr to
be consistent with the results of measurements of the basic hygrothermal paramieighs,
demonstrates the robustness of the results. The temperature and RH resuléslititatalthough the
layer of panel made by the internal part of bamboo culm wall can providerguddtion performance,
its ability to resist high RH variation is inferior to the lafi@m the external part of bamboo culm wall.
The parametric study found that density is the most critical parametieffusmce the temperature
distributions in the transient state. The thermal conductivity dominates the temperattienvatrite
steady states. The water vapour diffusion resistance factor is the key parametdnfiugnobes the
RH simulation results. Numerical simulation with moisture transfer shows betisistency than the
simulation without moisture in both equilibrium and transient states. Thdtgeof this study
demonstrated that the external part of the bamboo culm wall can be utilised tesmthieRH variation
of the panel while the internal part is suitable for increasing the thermbdtioayperformance of the
panel.

Keywords. MosoBamboo; Heat and moisture transfer; modelling and experimentat study
parametric study.

1. Introduction

The implementation of bamboo in the building industry has been regarded as anecffieategy to
reduce energy consumption. The advantages of bamboo as a biological building imavereen
mentioned by many researches (Van Der Lugt et al. 2006, Flander and Rovers 2009, Majumdar et a
2010). To evaluate the potential of bamboo as a biological building envelope materahjpkeature

and relative humidity (RH) are two essential factors which directly inflaghe performance of the
volume stability, serving life and building energy saving. Hence the knowledgeabfand moisture
transfer behavioun bamboo is critically important.
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However, studies of heat and moisture transport in raw bamboo still under develdprearttallenges

may include the following aspects: A bamboo culm can be approximated as a hollow tube with
relatively small thickness. Direct measurement of the hygrothermal pespddir example, density,
porosity, thermal conductivity, specific heat capacity and vapour permeabilitystiscted by the
curved shape of bamboo. The size of the temperature and RH sensors needs todig sefativto

meet the contact requirement. The time consumed in carrying out of the moistureenghaid@aents,

such as isotherm or vapour permeability measurensssignificant (Latif et al. 2015).

Related hygrothermal research on woaaksywublished early than the research on bamboo. Heat and
moisture transfer model has been utilised to simulate wood drying process (Plunit988alfounsi

et al. (2006) presented a three-dimensional simulation of heat and moisture tremsfed which is
based on the theory of coupled heat and mass transfer in capillary poroudroradiaikov (1966).

Li et al. (2010) investigated heat and moisture transfer behaviour of the bamboo plyatbadd
bamboo plywood concrete wall. The study focused on the temperature and water content gariation
entire composite wall rather than bamboo layers.

The aforementioned reviews indicated that partial differential equations JRakEs been broadly
utilised in building physics field to describe the transient heat and motstmsfer mechanism of
building materials. Due to the complexity of the PDEs, large numbers of mathematisalvere
developed to provide the numerical solutions for the PDEs. To assess the acctiracyoent model

for hygrothermal modelling, a British standard provided a benchmark examplENBS026 2007)

for calibration. Studies from Portal (2011) and Nusser and Teib{@§2) proved that simulation
tool from the theory oPortal et al(2014)and the balance PDEs of WUFI software can meet the
requirements of the benchmark. Delgado et al. (R8h2ewed 14 hygrothermal modelling tools and
suggested that versatility, visibility, renewability and user-friendlireee the features of successful
hygrothermal modelling tools.

This study focuses on the heat and moisture transfer behaviours of the P hylbstddis/ (Moso
bamboo) panels in various temperature and relative humidity conditions. To prepastutlyi,a
number of the experiments were conducted to acquire the data of density, specific hegt tagracit
conductivity, water diffusivity, water vapour permeability and isothermecafWMoso bamboo (Huang

et al. 2014 and Huang et al. 2015). These experiments indicated that Moso bamboo demonstrated non-
homogeneous hygrothermal properties in different directions. Especially mnadia direction, the
contentof vascular bundle tissue is obviously higher at the external side of bamboo culiBeedFig

1). To quantify the influence of the non-homogeneous hygrothermal properties antienbisture
transfer, both experimental studies and simulation prediction works are included paper. The
Computational Fluid Dynamics (CFD) simulation alkypvedictions of the temperature and RH results

of the bamboo specimenBurthermore, the speculated values and hygrothermal properties can be
adjusted to specify the heat and moisture transfer resistances in the pasdodigscof CFD. The heat

and moisture transfer experiments can be utilised to not only validate the simuéestilts but also
identify the temperature and RH response of Moso bamboo in the actual situation.
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Fig 1. Section view of a Moso bamboo culm wall

Little research has been done on the non-homogeneous hygrothermal properties anfididineiz on
transient heat and moisture transfer behaviour of Moso bamboo. The resultsstfdhisan provide
guidance for manufacturing bamboo panels with good thermal performance by integsagrnal

middle, and internal parts of bamboo culm wall.

2. Methodology

2.1 Heat and moisturetransfer experiment design

Four Moso bamboo panels were prepared for heat and moisture transfer experiments. The bamboo
originally import from Hunan province in China. The age of the bamboo is 4.5 ydigpanels were
laminated by Moso bamboo strips. The cutting position of the bamboo strips is illustrafag 2y

Panel 1 was laminated from the strips from the external surface of bamboo culRanell2 was made

by the strips from the internal surface. These two panels were utilised ify $pecutting position

caused variation of the hygrothermal performance. Panel 3 and panel 4 were lafronatbcee types

of bamboo strips. Both two panels have the same middle layer. Panel 3 utilisgtéthal strips as the
outdoor surface while Panel 4 utilised the internal surface as the outdacesiihese two panels were
prepared to demonstrate the direction of lamination caused variation of the hygrofienforahance.

In the radial direction, bamboo culms demonstrated obvious non-homogeneous feateres iof
hygrothermal performance. The minimum gluaswsed in this lamination method. The glue consists
of two components. One is the 1711 phenol resorcinol glue, the other is 2520 hardemandfaeture
method is simple and it is easy for mass production.



External layer
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Internal layer

Fig 2. Four types of bamboo laminated panels

The dimension of the panel is illustrated by Fig 3. Grooves were milleHeohamboo strips. The
temperature and RH sensors were embedded in the middle point of every thgdvarhboo strip. The
monitor points were nominated as No.1, No.2, and No.3 from left to rightKi§e4). Two extra
bamboo strips were utilised to fill the gap and fixed the seniedretween two grooves. The side
surfaces of the bamboo panel were insulated with wax to avoid the undesired heat ané toeest

Four panels were assembled using the same method. Each panel used three tgoyesaifire and
RH sensors.

Bamboo strips

Temperature and RH
sensor

Fig 3. The assembling of the bamboo panel with the temperature and RH sensor
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Fig 4. The edge section of bamboo panels with the temperature and RH sensors



The bamboo panels were fixed in a polypropylene foam panel. The external soifdlce
polypropylene foam panel was covered by the aluminium foil tapes. (See Fig 5) [Ypepgene

foam panel was placed between two climate chambers. The left climate chambeiseatoimulate

the outdoor temperature and RH conditions. The right climate chamber remained constant temperatur
and RH values. The polypropylene foam and wax insulation aim to ensure that the heaatstne

flow are perpendicular to the surface with the largest area of bamboo panel.

Moso bamboo panels

Fig 5. Bamboo panels in a special designed polypropylene foam panel

Left climate chamber to Right climate chamber
simulate outdoor to simulate an indoor
environment conditions environment condition

Sensors display grid

Polypropylene I :

foam panel with
bamboo specimens - e

Fig 6. Twin climate chambers for heat and moisture transfer study



The climate chambers can provide wide temperature conditions ranging fromtet00€°C. The RH
conditions can range from 10% to 98%. The temperature and RH fluctuatieraranglO °C and +40%
respectively in this study. This scheme can provide representéitivatec conditions while avoid

volume change caused deformation and undesired condensation. The temperature and RH conditions
are summariseith table 1.

Table 1. The temperature condition plan of two climate chambers

Step Time Left climate chambel  Right climate chamber
number condition condition
1 0-Day 1 25°C 50% RH
2 Day 1- Day 4 15°C 90%RH
3 Day 4— Day 8 25°C 50%RH 25°C 50% RH
4 Day 8— Day 11 35°C 10%RH
5 Day 11- Day 15 25°C 50% RH

All bamboo panels were stored in the right climate chamber until the teomeesiati RH were uniform.
Then, the panels were sealed between two climate chambers with same initiarcdad24 hours
(See Fig 6). A relatively cold and moist climate condition was set foethelimate chamber foB
days at first. The temperature and RH condition of the left climate chandrerraset to the same
condition with the right climate chamber for 4 days. The left climate chamé®seat to provide a
relatively hot and dry climate condition for 3 days. The experiments were terminatedatfier
chambers were maintaining same condition for 4 days. The temperature and RH daézavdesl
every 5 minutes.

2.2 Heat and moisturetransfer ssimulation

The governing equations for coupled modelling of heat and moisture transfer indfisust shown in
equations 1 and 2. The PDwsre also utilised in MOISTURE-EXPERT and WUFI software (Kunzel
and Kiessl 1996, Delgado et al. 2012 &nasser and Teibinge?012. The hygrothermal properties
need to be input as a series of variables and conditional parameters in thissgatisfy these specific
and flexible requirements, COMSOL Multiphysi¥svas utilised to conduct the numerical simulation
in this study.

(0H/0T)(0T/dt) = V(AVT) + h,V[8,V (¢Psqar)] Equation 1
(Ow/09) (8¢ /dt) = V[(D,Vep + 8,V (¢Psar)] Equation 2

(0H/AT) Heat storage capacity ()

T Temperature (K)

t Time (s)

A Thermal conductivity (W/i)

h, Evaporation enthalpy of water (J/kg)

8y Water vapour permeability (kg/m-s-Pa)

© Relative humidity

Psat Saturated pressure of water vapour (Pa)

W Water content of the bamboo substance tkg/m



(0w/d¢) Moisture capacity
D, Liquid water diffusivitym?/s)

To solve the PDEs, at least 6 input parameters, temperature and RHammitiboundary conditions
need to be specified.

The average density data of Moso bamboo were obtained by a computed tomography (CT) method. The
thermal diffusivity values of Moso bamboo were measured by a flash tultedndthe thermal
diffusivity values can be used to calculate the thermal conductivity.

The thermal conductivity was calculated by equation 3 (Fourier 1878).

Ap = apCy Equation 3
Ap Thermal conductivity of bamboo solid phase (\Wiin
a Thermal diffusivity (nd/s)
p  Density (kg/m?)
C, Specific heat capacity (J/kg'K)

The average specific heat capacity of Moso bamboo was measured using a TA instruments Q200
modulated differential scanning calorimeter with a scan rate°@/®in, a modulation of +2C per

100 s, and an oxygen-free nitrogen gas flow rate of 25 ml/min. The resuilsistrated by the fig 6.

The specific heat capacity values vara@snction of temperature. Therefore, the thermal conductivity
data, calculated by equation 3, are also a function of temperature.

Specific heat capacity of bamboo specimens in the radial direction
Cp(kl/kg-K)

s ///:/ —=—External
14 ¢~ Internal

w

10 15 20 25 30 35 40 Temperature (°C)

Fig 7. The average specific heat capacity results of bamboo specimens

The liquid water diffusivity of Moso bamboo was estimated by a method considegipgrosity and
density of the material (Zillig et al. 2006The water vapour permeability of Moso bamboo was
measured by a dry cup method.

The water vapour permeable capability of a construction material is oftensegbgsthe water vapour
diffusion resistance factor. The water vapour diffusion resistance faasocalculated by equation 4
(BS BN 12086 2013).



U= 0bg4ir/6p Equation 4

u Water vapour diffusion resistance factor, dimensionless

64 Water vapour permeability of air (kg/m-s-Pa)

8y Water vapour permeability of the specimen (kg/m-s-Pa)

The water vapour permeability of air can be calculated by equation 5 (BS EN 12086 2013).

8qir = (2.306-107°- Py/R, - T - P,)(T/273.13)181 Equation 5

=9}

«ir Water vapour permeability of air (kg/m-s-Pa)
Standard atmospheric pressure (101325 Pa)
Gas constant for water (461.5 J/K-kg)

The temperature (K)

Ambient air pressure (Pa)

SRER

The values of water vapour permeability of bamhi Geed to be inputted in the PDEs for calculation.

These values are varied with the temperature because the water vapour permeability af theiair (
a function of temperature.

The moisture capacity values of Moso bamboo were calculated by equatiomeés 1998). ©
calculate the moisture capacity values, the isotherm curves of bamboo spezirtiaee different
layers are necessary. The isotherm curves were measured by a desiccator medwgtidheurves
were utilised for the step number 1, 2, and 5 whilst the desorption curves were utilisteg fonmber
3 and 4 (See table 1).

(Ow/op) =§ Equation 6
Isotherm curves of bamboo specimens in the radial direction
MC (kg/m?)
300
,A
250 7 / < Internal(Sorption)
/‘I
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s
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-
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150 -

Fd
.- A~ ///’l/ o < Internal(Desorption)
100 -
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50
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Figure 8. Isotherm curves of the Moso bamboo in the radial direction

To study the influence of the moisture content on thermal properties, thealeqtivhermal
conductivity of a bamboo strip can be described by equation 7 (Luikov 1966).

A= +u'2, Equation 7



A Total or the equivalent thermal conductivity of a bamboo (MJm

Ap Thermal conductivity of bamboo solid phase (\Wiin

u'" The ratio of water substance to dry wood substance, dimensionless
A, Thermal conductivity of water phase (W)

Similarly, the heat storage capacity can be described by the equation 8 (Luikov 1966):
(0H/0T) = (Cs + (1/ps) C,W)ps Equation 8
C, Specific heat capacity of dry material (JKJ-
ps Bulk density of the dry material
C,, Specific heat capacity of water (J/KQ-

The data of 6 input parameters are summarised by table 2.

Table 2. The essential parameters for heat and moisture transfer PDEs

Input parameters PEXiemal [ Middie™ ] Internal | Method of measurement

Density (kg/m) 1157 723 474 CT (Huang et al.2015)

e Flash tube

\/ \/ \/

Thermal diffusivity (nd/s) 6.36x10" | 1.74x10" | 1.28x10 (Huang et al.2017)
Specific heat capacity See fig 6 DSC (Huang et al.2016)
(TV'\’/%]m}?)' conductivity &5°C | 4, 0.19 0.09 | Calculated by Equation 3
Water liquid diffusivity (n#/s) | 6.15x10% | 2.65x10"2 | 2.95x10" (Zillig et al. 2006)
Water vapour diffusion 57 42 38 | Dry cup (Huang et &2016)
resistance factor
Isotherm See fig 8 Desiccator and DVS

2.3 Boundary conditions
The thermal boundary condition of this study is classified as the Robinicondihe two surfaces,
which are expasdto the two climate chambers, are regarded as the convective surfaces. Thaeefore,
heat flux density and moisture flux density of two convective surfaces candsibeésy Equation 9
and 10 (Luikov 1966).

q=nhy(T,—Tp) Equation 9

q Heat flux density (W/A)

hr Heat transfer coefficient (W/AK)

T, Temperature of the ambient air (K)

T, Temperature of the bamboo surface (K)

m = h,,(pg — Pp) Equation 10
m  Water vapour flux density (kg/s)
h,, Water vapour transfer coefficient driven by the density difference of water vapour (m/s)
p, Density of the water vapour in the ambient air (Ky/m
pp Density of the water vapour in the bamboo surface ®g/m
In this study, the water vapour flux density needs to be calculated bglabiea humidity. Therefore,
the EquatiorlO can be changed to Equation 11.

m = hypu(©q — @) Equation 11



m Water vapour flux density (kg#ms)

hmru Water vapour transfer coefficient driven by the difference of RH (kg)m
Pa RH of the water vapour in the ambient air (k§ym

®p RH of the water vapour in the bamboo surface (By/m

The RH can be expressed by the ratio of the density of the water vapouedia to the saturated
density of the water vapour. See Equation 12 and 13 (BS EN 12086 2013).

®a = (Pa/Psat) Equation 12
®b» = (Pp/Psat) Equation 13

Pa Density of the water vapour in the ambient air (Ry/m

Op Density of the water vapour in the bamboo surface @g/m

pPsqr Saturated density of the water vapour (Ky/m

Therefore, the water vapour transfer coefficient in this study can be calculated by equatias 14. Th
coefficient is a variable of temperature because the saturated density of the water aapsuith
temperature.

hnre = Psathm Equation 14

hmry Water vapour transfer coefficient driven by the difference of RH (kg/m
h,,  Water vapour transfer coefficient driven by the difference of water vapour demsity (
Psar  Saturated density of the water vapour

2.4 Assumptions

The heat and moisture transfer behaviour of biological material is fairly comilisxstlidy examines
the influence of basic hygrothermal properties on the heat and moisturertizetsdgiour of Moso
bamboo. A number of assumptions were made to simplify the numerical model:

* The temperature, RH, and velocity of the air in the climate chambmnes negarded as constant
parameters in this study.

*The heat and moisture lose from the wax insulation and polypropylene foam panel was neglected.
*The heat and moisture transfer of four bamboo panels was one dinaknsion

*The expansion of bamboo panels is negligible in this study.

2.5 Mode€ validation

The heat and moisture transfer models were solved by COMSOL Multipfysidsis model was
validated by the benchmark example in a British standard (BS EN 15026: 2007). Tie aesu
illustrated by Figs 8 and 9. Solid lines describe the maximum and miniralw@svof the benchmark
material. Daséd lines are the simulation results of the model applied in this study. Both teamperat
and moisture content results indicated that the model is reliable for thendeatossture transfer
simulation of the building material. Similar validation works has been done by othenleabisture
transfer researches on building materials. (Nusser and Teibinger 2011, and Portal et al. 2014)

10
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Fig 9. The benchmark validation results for temperature
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Fig 10. The benchmark validation results for moisture content

3. Results and discussion

The temperature results are illustraitedrig 11. The red dash line represents the set temperature. The
other dash lines are the simulation results of three monitor points. Tdhdireed represent the results
from experimental measurements.

It can be seen that lower difference among No.1, No.2, and No.3 was observed frouitghefrpanel

1 while higher difference among No.1, No.2 and No.3 was found from the resyénelf 2. The
temperature at No.3 of panel 2 is closer to the right climate chamber than plreeaieme at No.3 of
panel 1. The results from panel 1 and panel 2 clearly indicated that bamboo itripadiave lower
thermal conductivity than bamboo external strips when the heat transfer achieViésiwgustate.
Similarly, the temperature at No.2 position is closer tadimperature at No.1 position for panel 3. The
temperature at No.2 position is closed to the temperature at No.3 position fodp&helreason of
this phenomenon is caused by the thermal conductivity difference of the first dagktast layers

11



between the panel 3 and panel 4. The first layer of panel 3 is the bamboo gdeand the first
layer of panel 4 is the bamboo internal parts. The results are consonant witatheed results from
the thermal diffusivity and thermal conductivity calculation.

Temperature results of the bamboo panel 1 Termperature results of the bamboo panel 2
T ———— T ——— 36 - — T —T— ———

CrR— simulation ——
R | simulaion | T e
T 2 } 4 No 3 simufation
= 1 = === Tomperature Set
s i -
b P e
24r 7
£
o 2k 22
i
W e )| O BT Sy
18 i 18
16- i B 16
" i I i I i L i i I i I i i 14 i I i 1 i i i I 1 L i
0 1 2 <3 - 5 6 T 8 9 10 " 12 13 14 1 0 1 2 3 4 5 6 7 g 9 10 1 12 13 14 1
Time (Day) Time (Day)
Temperature results of the bamboo panel 3 Temperature results of the bamboo panel 4
36 T T T T T T T T T T T T T T
it o e Mo e Bil ] Noftmontored | ¥ B E e Remitreeton ]

-No 1 simulation ]
2 simulation

No 3 simufation
====Temperature Set

Temperature("C)

14 L i I i 1 i L L I I i
0 1 2 3 4 5 6 4 8 g 10 " 12 13 14 15

Time (Day) Time (Day)

Fig 11. Temperature results for four panels

The relative humidity results are shownFig 12. The results indicated that the RH values of the four
panels needs much more time to approach equilibrium state than the temperagse e lowst

RH peak value and relative slow RH response can be found from the results of panehigh€&he

peak RH value and relative quick RH response can be found from the results of pEnel RH
response speed of the panel 3 and panel 4 are between the results from panel 1 and panel & The resul
from the panel 3 are similar to the results of the panel 1. The resultthiegmanel 4 are similar to the

results of the panel 2. High water vapour diffusion resistance factor andhbigture capacity were

found from the external bamboo culms. Internal bamboo culms demonstrated low watar vapou
diffusion resistance factor and low moisture capacity. These results alsr &ppe consistent with

the results of isotherm and water vapour diffusion resistance measurements.

12



RH results of the bamboo panel 1 RH results of the bamboo panel 2
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Fig 12. TheRH results of four panels

The temperature and RH results indicated that although the layer of pandbyrtadeanternal part of
bamboo culm wall can provide good insulation performance, its performanesisiing the high RH
variation is inferior to the layer from the external part of bamboo cwdh An external part of bamboo
culm wall can provide a barrier to the unsteady RH conditions. The internal part of beuhiowall
can be utilised to increase the thermal resistance of a panel.

The difference between simulation results and measured results of all paessstigah 0.5 °C in the
equilibrium state. The difference of the RH between simulation results and mdniasults from

experiment measurements is higher than the difference of the temperatuie f@seiltesults are
compliant with the aforementioned assumptions.

4 Parametric studies

4.1 Reaults

The parametric study aims to find the parameter which has the highest influeheg@emperature or
RH results. The value of each parameter was set to vary from 80% to 1208wdfjthal simulation

input. The increment is 20%. The reason for using this range is that thdovaof the measured
parameters is less than 20% at the same point of measurement. Furthermore, the negiddiom be
from both positive and negative directions to make sure the results vary consistently.

The temperature results of the parametric study are shown by Fig. 13. Treinegzdted that variation
of parameters in 20% causes little changes on the simulation results at the engustbde. The time
consumption for temperature change is less than 2 hours at the transient stagerefhérsfo
temperature variation in this short time period is invisible in Fig. 13.

13



Temperaturs parametric study results of the bamboo panel 1

Temperature parametric study results of the bamboa panel 2
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Fig 13. The parametric study results of temperature of four panels

Fig. 14 illustrated the transient temperature change of four panels within 8 hourbdramperature
change time point to the time of approaching the equilibrium stage. Although, tisénaetjts of each
parameter demonstrate little changes in the simulation results, the influenceitf clembe seen. The
temperature variation caused by density adjustments are illustrated by the yellow solid fedav
dash lines. These two lines deviate the highest value from the originahsimukesults. Therefore,
density can be regarded as the most sensible parameter to influence the temperature sgsultgion
The results of panel 1 indicated that higher density input can lead to des#s to the experiment
results. This trend is not obvious for the other panels.
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Fig 14. Parametric study results at a temperature change period

To further examine the influence of density, a second parametric study was conductedulibeanre
shown by Fig. 15. The input density values were set to increase 50% and 100% resp&htvelsults
indicated that the simulation results at the transient stage are closer to thimexpkresults by
increasing 100% density value for panel 1. However, for other panels, the osigiddtion results
are more accurate. At the equilibrium stage, the original simulationgeselcloser to the experiment

results.
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Temperature parametric study results at time change persiod of the bamboo panel 2
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Fig 15. Parametric study results of enlarged density values at a temperature change period

The RH results of the parametric study are shown by Fig. 16. The resulégédditat variation in 20%

for both vapour diffusion resistance and isotherm cause relatively higfieenice than other
parameters. The 120% lines of these two parameters are closer to thmexpessulteit No.1 monitor
point. Two solid lines are highly overlapped.
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The influence of the isotherm and water vapour diffusion resistance fasteiconsidered in a further
parametric studyThe original values of the parametric study were set to increase 50% and 100% for a
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Fig 16. The parametric study results of RH of four panels

new simulation. The results are shown by the Fig 17 and Fig.18.
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Fig 17. The parametric study results of Rié by increasing the u
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Fig 18. The parametric study results of the RH by increasing the moisture content of isotherm

The results indicated that better fitting can be found at the No.1qgoostftall penal after the parametric
adjustment. However, the original simulation results of No.2 and No.3 demonse#taditting trend
than results of parametric study. Therefore, the parametric study can foheron the individual
adjustment for each layer.

The further parametric study firstly increase water vapour diffusiostaese factor of the No.1
position for all panels. The effect is obvious on results of the No.1 poditmmever, concomitant
values increasing can also be found at No.2 and No.3 positions. To neutralise the undesiratgincreasi
values from these two positions, the water vapour diffusion resistance fadtoed\af.2 position were

set to decrease a trial range. Another method was to increase the water vdpsiondiésistance
factors of both No.1 and No.2 positions. This method is not as sensitive asigthen@ihod. Aftera
number of trials, an acceptable adjustment scheme was utilised on the individsahedt for each
layer. See table 3.
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Table 3. The adjustment of water vapour diffusion resistance factors for individesal lay

No.1 No.2 No.3
Panel 1| +50% -50% 0%
Panel 2| +50% -20% 0%
Panel 3| +50% -20% 0%
Panel 4| +50% -20% 0%

The results are shown by Fig 19. The adjustment of water vapour diffusiagamesifactors can lead
to a relatively closer simulation results than the original simulation results.

simulation adjusted
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Fig 19. The RH results of individual layer p adjustment

Same scheme in table 3 was utilised for isotherm adjustment, the resiétgsoitherm adjustment are
compared with the results of u adjustment in g The comparison indicated that results of u
adjustment are closer to the experina¢rdgsults. That means, in this scheme, the water vapour diffusion
resistance factor can be regarded as a more sensitive factor than the idstiteemm adjustment may
need further variation to approach the same results.
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Fig 20. The RH results of individual layer p adjustment and isotherm adjustment

The liquid water diffusivity was estimated by a method which was presenthd research of Zillig
(2006). In this study, the impact of the existence of liquid water diftysivihe simulation results was
evaluated. Fig 21 showed that the RH difference between the simulation results withneger
diffusivity and the simulation results without liquid water diffusivity ignorable. The highest
difference between the results with liquid water diffusivity and theltseesuthout liquid water
diffusivity is 0.2% at panel 3. Therefore, simply ignoring the liquid wdiféusivity value is acceptable

in this study.
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Fig 21 The liquid water diffusivity adjustment result

An extreme case, which could be shown in the parametric study, is the existencstofergziused
influence on the temperature results. Fig 22 compares the results among the expafhiménitil
simulation, and a simulation without involving any moisture. The results iedithat the simulation
with moisture is more accurate than the simulation without moisture in both tHéragqui and
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transient states. The results also imply that the existence oluneoistuld increase the heat captaincy
and reduce the thermal conductivity. The slower response at the transieistaateusat panel 1 and
narrower temperature distribution can be found at panel 2.
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Fig 22. The simulation results with and without moisture content

4.2 Discussion

The parametric study found that density can be regarded as the mostpaiticakters to influence the
temperature simulation results at the transient state. The thermal condudotwifyates the
temperature variation at the steady state. The water vapour diffusion resiatdaocean be regarded
asthe most sensitive parameter to influence the RH simulation results. Tteevigter diffusion is
negligible in the conditions of this study. The parametric study results indtbatatie simulation with
moisture is more accurate than the simulation without moisture in both equilinid transient states.
The results also imply that the existence of moisture could increase the haatcyagnd reduce the
thermal conductivity. The aforementioned assumptions are acceptable in this study.

In addition, temperature results of all panels slaoebound trend after the lowest temperature point.
See Fig 14, 15 and 21. The rebound trend is more obvious at panel 2 and panel 4 than anplanel 1
panel 3. The condensation of water can be regarded as a reabimriebound trend. Low temperature
may cause the water condensation. Water condensation can release heat. Panel 2 anavpaan &t
density layer opposite to the left climate chamber. This layer also demamdhigte vapour
permeability and low moisture capacity. Higher content of water vapour candeddag cannot be

stored in this layer. Therefore, the extent of temperature rebound trend is higher at panel 2 and panel 4
than at panel 1 and panel 3.

It should be noticed that the field experiment cannot be replaced by the modellind sidyodelling
study was utilised to predict the temperature and RH results. The boundaryocoadid initial
condition are expressed by theoretical values. In real field experiments, these coraiiomt as
strictly the same as the theoretical values. In addiionodelling study can only predict part of the
real phenomenon. The temperature rebound phenomenon is a response which is not pradieted by
modelling study. Furthermore, the highly corresponding result from the parasoéigime in this study

is just one possible performance of the real situation. In field experiments;giwthermal response
may be caused by the effects of multiple factors.
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5. Conclusions

This study focuses on the heat and moisture transfer behaviBtyllostachys edulis (Moso bamboo)
panelsat various temperature and relative humidity conditions.

Experiments results indicate that panel 2 which was made by internal bampsastrionstrated the

best performance of thermal insulation in four panels. Panel 1 which was maderdoal bamboo

strips showed the worst performance of thermal insulation. The temperature of middle layer 8f panel
is closed to the external side. The temperature of middle layer of paneloged to the internal side.

The most significant RH variation is from internal bamboo stripseathié minimum RH variation of
bamboo layerss from external bamboo strips. Panel 3 showed similar trend with panel 1 in terms of
RH variation of bamboo layers. Panel 4 showed similar trend with panel 2 in terms of RH variation of
bamboo layers. External side of bamboo culm wall can effectively mitigate the outdoor RH variation.

Simulations results indicated that the temperature prediction is edyasigcurate. The RH prediction
is well compliant with the experiment results at middle and internal laydraroboo panels. The
accuracy of the external layer can be further improved.

Both experiment and simulation results appear to be consistent with the results of measuftinent
basic hygro-thermal parameters. The results indicate that although the layer lofpdaeby the
internal part of bamboo culm wall can provide good insulation performanaéjlitg to resist the high
RH variation is inferior to the layer from the external part of bamboo cudih Whe difference of the
RH between simulation results and monitored results from experiment measuremegisrithhin the
difference of temperature results.

Parametric study found that density can be regarded as the most sensitive pasaimittence the
temperature simulation results at the transient state. The thermal condudbtwiyates the
temperature variation at the steady state. The water vapour diffusion resiatdocean be regarded
asthe most sensitive parameter to influence the RH simulation results. Thievigtér diffusion is
negligible in the conditions of this study. The parametric study results indibatatie simulation with
moisture is more accurate than the simulation without moisture in both equilibrium and transient state.
The results also imply that the existence of moisture could increase theafmty and reduce the
thermal conductivity. The aforementioned assumptions are acceptable in this study.

The results of this study recommend that the external part of the bamboo culrarwiad atilised to
minimise the RH variation of the panel while the internal part of bambao walll is suitable for
increasing the thermal insulation performance of the panel. Thereforenafdiigh hygrothermal
performance bamboo panel can be made by a thin layer of external part of bamboaltalm whick
layers of internal part of bamboo culm wall.

The newly designed high hygrothermal performance bamboo pammiicimise mould and damp risks
for bamboo constructions in humid climate regions and eliminate potential healthdssoeiated with
living environment. The methodology of this study is also applicable to tibes of timber building
envelope where the growing demand has shown significantly in the past decade duewa#ibdn
agenda.
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