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Abstract

A mathematical model was developed for predicting air temperature, humidity and velocity fields
in a closed-type sloped greenhouse. Calculated results of air temperature profile along the slope
agreed well with the experimental results except in the daytime when the air temperature was high,
and it seemed that the model would be useful for environment analysis in the sloped greenhouse.
This model would be better if three-dimensional heat flow had been taken into account in the
daytime. Both the calculated and experimental results showed that air temperature was higher in
the upper part of the slope than that in the lower part for the greenhouse with a double-film-cover.
For the greenhouse with a single-film-cover, however, air temperature in the upper part was not
necessarily higher than that in the lower part especially in the nighttime. Provided that floor and
cover temperatures were uniform, respectively, air temperature and velocity fields were simulated.
The simulated results showed an appearance of air temperature difference between the upper and
lower parts. Both the higher and lower temperature regions extend as inclined angle increases.
However, this temperature difference between the upper and lower parts in the case of 10 degrees of
inclined angle is not so different from that in the case of 30 degrees. In addition, an increase in the
inclined angle makes air velocity larger, so that its increase over a certain critical value inhibits the
development of air temperature difference between the upper and lower parts rather than promotes
it.
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Table 1 Symbols used in this paper.
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: specific heat of air (kJ kg 'K 1)
: diffusion coefficient of water vapor in air (m*h™")
: depth of soil temperature measurement point from the soil surface (m)
: dispersion coefficient of water vapor in a greenhouse (m?h™!)

: dispersion coefficient of vorticity (m*h~')

: diffusion coefficient of temperature (m’h~')
: gravitational acceleration (m h™?%)

: humidity of outdoor air (kg-H,O kg-DA™")
: humidity in greenhouse (kg-H,O kg-DA™!)
: humidity at the inside of the film (kg-H,O kg-DA™")

: humidity at the outside of the film (kg-H,O kg-DA™?)
: radiation heat transfer coefficient at the inside of the film (W m™2K™")

: radiation heat transfer coefficient at the outside of the film (W m 2K ™")
: radiation heat transfer at the soil surface (W m 2K™!)
: heat transfer coefficient at the inside of the film (W m 2K ™!)
: heat transfer coefficient at the soil surface (W m 2K ™)
: effective thermal conductivity of soil (W m 'K ™)

: mass transfer coefficient of water vapor at the soil surface (mh™')

: mass transfer coefficient of water vapor at the soil surface (kg m *h™ ")

: mass transfer coefficient of water vapor at the inside of the film (kg m *h™")
: latent heat of water (kJ kg™!)

: representative length of greenhouse (m)

: length of greenhouse toward x-direction (m)
: length of greenhouse toward y-direction (m)
: pressure of air (kgm 'h™?)

: total shortwave radiation outside the greenhouse (W m~?)
: temperature in greenhouse (K)
: temperature of outdoor air (K)
: temperature measured at a certain depth from the soil surface (K)
: temperature at the soil surface (K)

: temperature of film (K)

: x-component of air velocity (m h™')

: overall heat transfer coefficient (W m ™K ™')
: y-component of air velocity (m h™?)

: concentration of water vapor (kg m™?%)

: distance toward x-direction (m)

: distance toward y-direction (m)

: increment of time (h)

: increment of distance toward x-direction (m)
: increment of distance toward y-direction (m)
: solar radiation absorptivity at the soil surface (—)
: solar radiation absorptivity of film (—)
: volumetric expansion coefficient due to temperature difference (K ')

: volumetric expansion coefficient due to water vapor concentration difference (m’kg ')
: constant (=1.51X107"W m 2K %)

: constant (=1.32X107"Wm 2K %)

: thermal conductivity of air (W m™'K™!)
: viscosity of air (kgm 'h™")

: kinematic viscosity of air (m*h~")

: density of air (kg m?)

: vorticity (h™")

: stream function (m*h™!)
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Schematic representation of a sloped greenhouse.
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Fig. 2. Momentum, heat and moisture balances at the boundaries of the greenhouse.
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Table 2 Simultaneous equations for estimating the cover and floor temperatures of a closed-type
sloped greenhouse. The symbols with prime in Eqgs. (18), (19), and (20) correspond to the outer
film or space between the two films. a; includes an effect of the film transmissivity of shortwave
radiation.

1. in the case of single-film-cover greenhouse
a) heat balance equation for the cover
a,R— (771 Ta3 Tw— N2 Ta“) —h, (Tw - Ta) +hy (Ts_ Tw) +hyi (Tc - Ta) +kwwL (Hc _Hwi) (16)
+kwoL (H,—Hyo) =
b) heat balance equation at the soil surface
asR :hr: (Ts__Tw) +hxs (R_Tc) +kaL (Hs _Hc> _K(Tm _Ts) /d (17)

2. in the case of double-film-cover greenhouse
a) heat balance equation at the outer film of the double-film-cover

a'R— (T2 T, —mTe) —ho’ (T —TD) +h (T,—T.) +hi (T — T, +ky L (H,—H,) =0 a8
b) heat balance equation at the inner-film of the double-film-cover

@R —hp (T,—T,) —hey (T,—T.) +hy (T,—T,) +ha(Te—T,)) +kmo L (H.—Hy) =0 (19
c) sensible heat balance equation for the space between the two films

_Awh:i/ (Tc/_Tw/) +Awhsa (Tw_Tc,) =0 (20)
d) heat balance equation at the soil surface

&R =hy, (Ty—T,,) +he (T.—T.) +kw, L (H,—H,) —K (T,,—H,)/d QD
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Fig. 4. Sloped greenhouse used for the experiment.
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Fig. 5. Comparison of the calculated results of temperature distribution with the experimental
results where @ corresponds to y=2.7m, @ y=1.8m, and @ y=0.8m [(a) on Dec. 13
(single-film-cover), (b) on Dec. 28 (double-film-cover)].
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Table 3 Values of parameters used for calculation.

C, 1.0kT kg 'K !
Ey Eno Ex, 4.0x|y|mn!
ny Emy> ETy “-())(Iz_)ll’l’lh_1
g 1.27X10°mh~2
hn 4.64Wm K!
Hro 4.64Wm K™!
Ry 5.10Wm 2K™!
hy 23.2Wm K™!
Ao 6.96W m 2K™!
hs 23.2Wm K"
by 4.64Wm K"
hi! 4.64W m K"
hs' 6.96Wm 2K™!
K 1.19Wm K™!
ky 38.5mh™!
Kws 9.25kgm *h™!
Kww 9.25kgm *h™!
L 2460kJ kgt
L 30m
I, 3.3m
U, 83.7Wm K!
a 0.6 (single-film-cover), 0.45 (double-film-cover) [—]
Qw 0.15 (single-film cover), 0.07 (double-film-cover) [—]
) 0.15 [—]
Br 0.00342K™!
B 0.509m *kg™*
0 1.2kgm™3
g 0.175rad
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Fig. 6. Calculated results of velocity distribution in the sloped greenhouse [(a) on Dec. 13
(single-film-cover), (b) on Dec. 28 (double-film-cover)].
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Fig. 7. Calculated results of velocity and temperature distributions when 7,=283
K, T,=277K, and T,=280K for three cases of inclined angle [(a) §=0rad
(0deg), (b) 6=0.175rad (10deg), (c) #=0.524rad (30deg)].
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Fig. 9. Relation between the average velocity of
air in greenhouse and inclined angle of the slope.
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