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ABSTRACT

For an improved passive solar house with built-in shutter and temperature control throttle joint measures, this
paper used dynamic thermal network model and frequency domain regression analysis method, built the

typical summer cooling overall coupling process of building dynamic thermal mathematical model.

KEYWORD: passive solar house, TCSW(thermal collector and storage wall), cooling, thermal property,

thermal network model

1. INTRODUCTION

Built-in shutter and temperature control throttle joint control is an effective measure to solve the traditional
passive solar house in winter subcooling and summer overheat problems. It improves indoor thermal comfort
of passive solar houses and promotes the positive significance of its application. For cooling condition in
summer of an improved passive solar house with built-in shutter and temperature control measures, based on
the previous thermal performance mathematical simulation of single collector and heat storage components,
this paper used dynamic thermal network model and frequency domain regression analysis method, built and
solved the overall coupling process of building dynamic thermal mathematical model, which was influenced
by outdoor weather - air collector - storage enclosure / heat - indoor thermal environment. For further explore
the optimization design of improved passive solar house and lay the foundation of operation control strategy,

we would analyze the dynamic thermal performance of the improved passive solar houses.

2. THERMAL NETWORK MODEL

The cooling physical model of an improved passive solar house with built-in shutter and temperature control
throttle joint measures is shown in Fig.1. Its typical cooling conditions are shutter shade during the clear day
and ventilation during the night/ rainy day. The heat transfer process is a strong coupled mode among the
non-state heat conduction, natural convection and surface radiation heat transfer; the regenerative effect of

heavy envelope cann’t be ignored.

To Simplified analysis, we considered a range of assumptions in the calculation,for exemple: (1)uniform
surface temperature of the envelope, indoor air temperature uniformity; (2)one-dimensional heat transfer
process; (3)top and bottom of the air interlayer was insulate; (4)air temperature of the entrance to bottom of
air interlayer was equal to the indoor air temperature; (5)air inside the interlayer was the one-dimensional
flow along the vertical direction, ignored the pressure loss along the way; (6)ignored the latent heat of air,

radiation absorption and heat penetration through the building envelope; (7)ignored internal disturbance;
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(control measures: roll up shutter; open outer and internal below tuyere; close internal upper tuyere)
Fig.1 Physical model of improved passive solar building

(8)solid material was homogeneous, and its physical parameters weren’t changed with temperature;

Based on the above assumptions, the thermal resistance and heat capacity network model of typical cooling

conditions for an improved passive solar house with built-in shutter and temperature control throttle joint

measures was built, and it’s shown in Fig.2.
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2. MATHEMATICAL MODEL

2.1 the corresponding heat balance equations of shutter shade condition

Took notice of the thermal resistance and heat capacity network model of shutter shade during the clear day
in summer, air interlayer was divided into two vertical regions with opening side in this condition.The region
between glass coverplate and shutter is interlayer I , and the region between TCSW and shutter is interlayer

IT. The heat balance equations per unit area of any nodes at T moment are shown as followed:
For the internal surface of glass coverplate:
0 E(7) + hrg [te(7) - tai(0)] = hyi [tei(7) — ta ()] + Ui [t5i(7) - tea(T)] (1
For the air in interlayer 1 :
hgi Ao [tei(T) — tr(D)] + hyo A [te(T) — ta(1)] = Qn(7) @
For thr shutter:
T Oeo B(T) + hrge [tgi(T) - to(T)] + hry [t(T) - two(T)] = heo [te(T) — ta ()] + hei[te(T) — ta(®]  (3)
For the air in interlayer II:
hyo Awo [two(T) — t(T)] + hei Ac [te(T) — tr(1)] = Qp(7) “4)

“ EE)

In the equations, corner mar is accordance with the envelope structure number appeared in fig.2(a), and

it’s same with the left text.

For the collector surface of TCSW:

)1 @)= )@ X X Do~ )= SV rale =) )

For the indoor air:

B Aui i (@)=} @, ( Zhwn [0 (2) - 1.(2)] ©)

For the internal surface of TCSW:

ZN:Y(J')two(f—J')—iz(j)twa(f—J) hiltwi () Zhrwn ti(7) =1 (D] @

For the internal surface of heavy envelope except TCSW:

N N 8
qm( )+hl"wn tw1 tm zhrnk[tlk —tin\T )]+hwn tr(T)_tin(T):ZZn(j)tin(T_j)_zYn(j)tou(T_j) ( )

=0

In the equations, the internal surface corner mark n=1,2,3.4,5.

For the internal surface of Lightweight envelope:



qm( )+hl”wn[lw1 lm ]+Zhrnk[t1k lin(T)]+hwn[tr(T)—lin(T)]:Uin[tin(T)_l‘sa(z')] 9

In the equations, the internal surface corner mark n=6,7,8.

For the external surface of heavy envelope except TCSW:

N
q(r)n( ) vwnd[lon tsa ]+2Xn ton T— ]) ZYn(j)tin(T_j) (10)
Jj=0

The improved composition of passive solar house in winter sunny day air thermal cycling conditions of the
heat balance equations for improved passive solar house thermal cycling in winter clear day are made up by

equation1~10.

For the air mass flow rate in the interlayer:

m= ,Ofcd(Afu Afd/\/Afu + Afd)\/szw(tfu _lr)/(tr + 273) (1

To determined the air temperature at the top outlet of interlayer, we would built the heat balance equations

for air unit in the interlayer:
m C, dt¢/ dy 8y = [hy (tgi — to) + hyo (two — t)] W 8y (12)
Integraled the equation (12), and we would obtain the air temperature at the top outlet of interlayer:
ta= te P+ (1= ™™ y/B =t €™ + (hyo two + hy ta/hyo Thy)(1 - €™ (13)

In the equation, = (hgi + hyo)W/m C,, y= (hgi tei + hyo two YW/m C,,.
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Fig.3 heat balance for unit in the air flow direction of interlayer

2.2 the corresponding heat balance equations of non-shutter shade condition
According to the thermal network model shown in the figure.2.b, we built the heat balance equation for each

node of the improved passive solar house during summer night or rainy day at low solar radiation.
For the internal surface of glass coverplate:
0 E(7) + hryg [two(T) — tai(1)] = hyi [tei(T) - td(7)] (14)
For the air in interlayer:
hyi [tei(T) - t{D)] + hyo [two(T) - t{D)] = QD) Avo (15)

For the collector surface of TCSW:



ryan E(0)= s ltno 0)= 100+ two<r>—zf<r>+gx(mw(z—ﬂ—iom-)zwi(r—j) (16)

For the indoor air:

hwiAwi[Wi<r>—fr<r>]+ga<r>:ghwnAn[tm<r>-w)] a7

For the internal surface of TCSW:

The heat balance equation is similar with formula 4.23, which for air thermal cycling conditions during the

winter,
N N
DY )twot= )= D Z()twi(z = 1) = Bl (e Zhrwn 1i(7)=ta(2)] (19
J=0 Jj=0

For the internal surface of heavy envelope except TCSW:

i (0)+ hraaltu(0)—1a(z Zhrnk 11(7) = 10 (O)]+ o [1:(2) = 0 (7)]

N N
ZZ Netn@=7)=2 ¥ ton(z = ) (19)
Jj=0

In the equations, the internal surface corner mark n=1,2,3.4,5.

For the internal surface of Lightweight envelope:

(Iirn(f)"'hrw,n[ wi( tm ] Zhrn,k[tlk lin(r)]"'hwn[r(r)_tin(r)]
=Uin[tin(1)-tsa(7)] (20)
In the equations, the internal surface corner mark n=6,7,8.
For the external surface of heavy envelope except TCSW:

We would build heat balance equations for the external surface of wall, including east wall, west wall, north

wall, floor and roof, the heat balance equation is similar with formula 4.34,

¢t (0) = halion (e >-tsa(r>]+§0Xn<j>zm(f—ﬂ—ioyn(j»m(r—j) e

In the equations, the internal surface corner mark n=1,2,3.4,5.

According to the formula 14~21, we would obtain the heat balance equation for thermal insulation shutter of

the improved passive solar house during night/rainy day in the winter.

2.2 determine the coefficient of heat balance equation



In the above equations, frequency domain regression analysis method(FDR), which is based on system
identification theory, was used to calculate the reaction coefficient X(j), Y(j), Z(j)of unsteady state heat
conduction; the coverplate was hollow double-glazed glass in the radiation term, and absorb rate of the
intimal glass was calculated by ray tracing method; the solar radiation heat flux qi,’, which is absorbed by the

internal surface of level i envelope, was calculated by the definite sunshine movement simulate process.
For the convective heat transfer coefficient of internal surface of the glass coverplate:
hgi =NugAg, / L, (22)

In the equations, L, is the height of the glass cover, m; Nuy is the nusselt number of glass cover side in the air

interlayer and A is the heat conduction coefficient, W/(m’C).
For the convective heat transfer coefficient of external surface of the shutter:
heo = NugAg / Le (23)

In the equations, L, is the height of the shutter, m; Nu, is the nusselt number of glass cover side in the air

interlayer and A is the heat conduction coefficient, W/(mz' ).
For the convective heat transfer coefficient of internal surface of the shutter:
he; = Nuy, Asy / L (24)

In the equations, L, is the height of the shutter, m; Nu, is the nusselt number of collector wall side in the air

interlayer and Ay is the heat conduction coefficient, W/(mz- ).
For the convective heat transfer coefficient of collector wall side of TCSW:
hwo = Nuw )\'fw / Lw (25)

In the equations, L is the height of TCSW, m; Nu, is the nusselt number of collector wall side in the air

interlayer and A is the heat conduction coefficient, W/(m2~ ).

In the above equations, the nusselt number Nu, (for the glass cover side in the close interlayer) and Nu,, (for

the collector wall side in the close interlayer) was counted by following case.

When Gr&Gr, <2860, Nu,&Nu,=1, and the heat transfer process in the interlayer is pure heat conduction

process;
When 8.6%10°<Gr& Gr,<2.9x10°, Nug&Nuy, =0.197(GryPry,)"*(Lu/dy) "
When 2.9%10°<Gr& Gr,<1.6x10", Nug&Nu,, =0.073(GryPr,)"” (Lu/dy) ™",

And the mean temperature tym=(tcttg)/2, twm=(tc+two)/2; the mean length is the gap d, between shutter and

glass cover, and the gap d,, between shutter and collector wall side.

According to the document[11], we would obtain the solar radiation heat flux qi,’, which is absorbed by the
external surface of the heavy envelope, and the convective heat transfer coefficient, the radiant heat transfer

coefficient, the physics parameter and the rule number appeared in the above equations.



3. PROVE OF MATHEMATICAL MODEL

Draw up computer program, which was built by Gauss iteration, was used to solve the above heat balance

Input parameter(weather parameter,

equations. It is shown in Figure 4.

building geometric parameter,
building material physics parameter)

v

Calculate envelope reaction coefficient(FDR)

Calculate solar radiation heat absorbed by the

external and internal surface of envelope

-
\

Setting initial temperature value

Calculate convective heat transfer coefficient, radiant heat transfer

coefficient, air flow rate and mass flow rate in the interlayer

Calculate the temperature variable quantities(Gauss elimination method)

Iteration successfully

Hour loop end

Day loop end

Yes

Output the calculated results

End

Fig.4 Flow chart of calculation

The mathematical model results were compared with test results, which was proceeded in the entity large
passive solar laboratorial house with built-in shutter and temperature control throttle joint measures. The
passive solar experimental house is located in DLUT. The geometry size is 3.9x3.9x2.8m>. The coverplate is
hollow double-glazed glass, southing heavy envelope is 300mm thick concrete wall, the net wide is 900mm
and the collector surface is spreaded on dark green thermal absorb paintcoat. The other orientations walls is

300mm thick hollow concrete cinder block addited 100mm benzol insulating layer, and the roof is 80mm



thick concrete block addited 100mm benzol insulating layer. The outlet size of interlayer is 150x170mm and
it has adiabatic shutter inside the interlayer. The test time is July. During the experiment, open the
temperature control damper and roll down the shutter to get the shade effects in the daytime; closed the
temperature control damper and roll down the shutter to get the insulation effects in the night. In the
experiment, we used couple devices to record the data, such as computer circuit detection system, SERIES
EE66 wind speed meter, PC—2 solar radiation recorder, mini outdoor weather station and so on. The 28
indoor air temperature measuring points was layout according to the grid, and the average temperature of any

dot was taken as indoor air temperature tr. The measuring points’position on the TCSW is shown in Figure 5.
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Fig.5 Location of temperature probes in Trombe wall

By this arrangement, we could gain the intermal surface temperature of the coverplate t,;, intermal surface
temperature ty; of the wall t,, the upper and lower outlet air temperature of the interlayer tg, and t, the upper,
middle and lower surface temperature of the collector wall tywou, twoe and twod. The average temperature of the

three measuring points on collector surface was the collector surface temperature ty,.
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Fig.6 Comparison of tested data and calculated data under passive ventilation in summer

Put construction geometry size of the experimental house, physical parameters of the materials and outdoor
meteorological parameters during the experiment as input values into the computer program to solve the
equations. For the heating conditions in winter, the compare curve between calculated and experimental

values of each node temperature of the improved passive solar house is shown in Figure 6.

Deviation analysis for the calculated and experimental values, average absolute difference



and average relative error G,y,—= is used for the deviation

Yt 1% 1,

indicator, in the equation, tc, is the calculated value and t,, is the experimental value. According to the
analusis, average absolute difference of t, was 2.17°C, average relative error was -7.82%; average absolute
difference of ty, was 2.98°C, average relative error was -9.84%; average absolute difference of t,; was
2.24°C, average relative error was -8.05%. Due to the weather conditions and laboratory personnel varied,
the implementary time of control measures was changed during the experiment, and the deviation was
happened. Nevertheless, the implementary time of control measures was constant for the mathematical
model. Under the assume of mathematical model, we ignored the air infiltration losses of doors and windows,
heat transfer between the outdoor environment and top and bottom layer of the interlayer was ignored. The
deviations between each calculated and experimental temperature values were below 10%, which was shown
that the simulation results and experimental values could be matched well. Then, we could say the

mathematical model established in this text was feasible.

4. Conclusion

In this paper, used dynamic thermal network model and frequency domain regression analysis method, we
built a dynamic thermal process model of the typical heating conditions to whole building for an improved
passive solar house with built-in shutter and temperature control measures. Every factor was considered for
the model, such as, outdoor meteorological factors, non-state heat conduction of compound wall, natural
convection heat transfer inside the open flank interlayer and closed interlayer, the solar radiation onto the
surface of envelope. The Simulation results and test results of physical experimental house could be fit well,

which was Verified the accuracy of the mathematical model.

Symbol table

Ag—bottom outlet area of interlayer, M’

Ag,—top outlet area of interlayer, m’

Ayo—collector surface area of TCSW, M’

Ayi—collector surface area and internal surface of TCSW, m*
A,—internal surface area of envelop besides TCSW, M’
A;—temperature wave amplitude of internal surface of wall, ‘C
A,—temperature wave amplitude of wall surface, C

Cyair effluent coefficient in the interlayer

C,—air specific heat capacity in the interlayer, kJ/( kg C)
d—thickness of the air interlayer, m

dg— gap between coverplate and shutter, m

dw—gap between TCSW and shutter, m

. . 2
F —solar irradiance, W/m



g air gravity, m/s’

hgi—convection heat transfer coefficient of inner surface of glass coverplate, W/( m’ )

hg. —equivalent heat transfer coefficient between glass coverplate and shutter, W/( m’ )

hy. —equivalent heat transfer coefficient between TCSWand shutter, W/( m' [6))]

hyo —convection heat transfer coefficient of collector surface of TCSW, W/( m’-C)

hyi—convection heat transfer coefficient of inner surface of TCSW, W/( m’ [6))

hyina —convection heat transfer coefficient of exterior surface of envelop caused by wind, W/( m °C)

hyn—convection heat transfer coefficient of inner surface of envelop besides TCSW, W/( m* [6))

hr, . —radiation heat transfer coefficient between glass coverplate and shutter, W/( m’-C)

hr,, . —radiation heat transfer coefficient between TCSW and shutter, W/( m’-‘C)

hr,— radiation heat transfer coefficient between inner surface of envelop besides TCSW, W/( m’-C)

hry s —radiation heat transfer coefficient between glass coverplate and TCSW, W/( m’ )

hry, , —radiation heat transfer coefficient between inner surface of other envelop and inner surface of TCSW,
W/(m*-C)

Ly —height of TCSW, m

m— air mass flow rate in the interlayer, kg/s

q'n—solar radiation heat flux absorbed by inner surface of envelope besides TCSW, W/m’

q'on— solar radiation heat flux absorbed by exterior surface of heavy envelope besides TCSW, W/ m’

Q¢ air heat flow rate in the interlayer, W

t.— shutter temperature, C

ty— air temperature in the interlayer, 'C

tr, —outlet air temperature in the top of interlayer, ‘C

tsi —inner surface temperature of glass coverplate, 'C

tin—inner surface temperature of other envelop besides TCSW, ‘C

ton —exterior surface temperature of other envelop besides TCSW, ‘C

t.—indoor air temperature, C

tsa— multiple environment temperature, ‘C

two —collector surface temperature of TCSW, C

twi—collector and inner surface temperature of TCSW, ‘C

U, — multiple heat transfer coefficient between glass coverplate and environment, W/( m’C)

Ui —multiple heat transfer coefficient between environment and door(window), W/( m )

W —width of TCSW, m

a;—absorb rate of inner surface of glass coverplate, %

o —absorb rate of collector surface of TCSW, %

0o —absorb rate of exterior surface of shutter, %

A air thermal conductivity of glass coverplate side in the interlayer, W/( m>-C)

A —air thermal conductivity of TCSW side in the interlayer, W/( m’-C)

prair density in the interlayer, kg/m?



X(j), Xa(j) —endothermic reaction coefficient of collector surface of TCSW and exterior surface of level n
heavy envelope, W/( m’*-°C)

Y(j), Yu(j) —heat transfer reaction coefficient of TCSW and level n heavy envelope, W/( m' )

7(j), Z+(j)—endothermic reaction coefficient of inner surface of TCSW and inner surface of level n heavy
envelope, W/( m*-'C)

Grg, Gry, —Grashof Number of glass coverplate side and TCSW side in the interlayer

Nug, Nuy, —Nusselt Number of glass coverplate side and TCSW side in the interlayer

Pr,, Pry,—Prandtl Number of glass coverplate side and TCSW side in the interlayer
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