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Abstract—This article presents analytical models to predict the transpiration through perforated plates

simulating the stomata of dicotyledon leaves under various flow conditions and compares the analytical

predictions with experimental results. The analysis is based on fundamental concepts of boundary-layer

theory and convective heat- and mass-transfer. The experiments were performed in an ecological wind

tunnel with perforated plates resembling the stomatal geometry of broad leaves. Some unexpected
anomalies in the results are explained by means of a turbulent penetration theory.

NOMENCLATURE
pore radius;
cross sectional area of a single pore;
total area of plate;
one half of average distance between
axes of adjacent pores, see [37];
concentration ;
pore diameter ;
width of plate in y-direction;
binary diffusivity;
turbulent energy;
penetration coefficient ;
gravitational constant ;
mass transfer coefficient ;
length of plate in x-direction;
mass flow rate;
number of pores;
mass flux;
resistance;
center to center spacing between pores
in flow direction;
thickness of plate, pore length;
temperature of water in the plate holder
cavity;
Reynolds stress;
velocity in x-direction;
root mean square velocity fluctuation
in z-direction;
friction velocity ;
mean square velocity fluctuation in
z-direction ;
coordinates in direction of flow;

¥ coordinate perpendicular to flow direction
in plane of plate;
z, coordinate perpendicular to plate,
Greek symbols
d, thickness of stagnant boundary layer;
I, viscosity;
o, density;
Tros wall shear.

Dimensionless numbers
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Gr,  Grashof number;

Re,  Reynolds number;

Se,  Schmidt number;

Sh,  Sherwood number;

Shy, Sherwood number, average for boundary
layer based on K, and L.

Subscripts

A, water vapor,;

BL, boundary layer;

E, effective;

i, inlet, substomatal cavity;

I internal, pore and substomatal cavity
{(inlet);

L, based on length of plate;

0, outlet;

p, pore;

T, overall, total including boundary layer,
pore, and substomatal cavity (inlet);

TP, turbulent penetration;

X, local;

0, free stream.

Superscript
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average based on length of plate.
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[ INTRODUCTION

SINCE most of the water applied in irrigation is lost
by transpiration, the water loss from the leaves of
green plants 1s a process which has been of interest
to botanists, ecologists, plant physiologists, and

P T b3
agricultural engineers for a long time. Transpiration

from plants and agricultural eco-systems has re-
ceived particular attention during the past decade,
because it has been shown that probably as much as
807 of the water used by green plants is not really
necessary for their physiologicai growth [1,2] and
that the water uptake of plants and trees can be
reduced appreciably by various types of chemical
antitranspirant sprays without causing any apparent
physiological damage [3-6].

Nearly all the water evaporated by most plants

passes through tiny openings in their leaves, called
stomata. The shapes of stomatal passages vary
considerably, but the stomatal openings in the leaf
surface are approximately elliptical in shape, about
20 um long, with the width varying from 1-10um.
The stomatal passages serve simultaneously as the
pathway for CO, entering the leal from the
atmosphere and for H,O passing from the interior of
the leaf into the atmosphere; their sizes are de-
termined by the position of the two guard cells which
surround each stoma. Typically, the density of
stomata ranges from 7 x 107 to 6 x 10® stomata/m?
of leaf surface, and, when fully open, it has been
estimated that in broad-leaf plants, stomata occupy
from 1 to 39 of the total surface area of the leaf
Detailed accounts of stomatal physiology are avail-
able in the literature [7, 8]

During the past ten years plant physiologists [9]
have conducted many experimental investigations on
broad-leaf plants in an effort to determine how air
temperature, wind speed, solar radiation, and other
environmental variables affect the opening and
closing behavior of the stomata in the leaves, and
how stomatal behavior is related to water con-
sumption. In the interpretation of the experimental
results it has generally been assumed [10] that the
transpiration rate or mass transfer flux, N, is directly
proportional to the difference in the water vapor
concentration between the interior of the leaf and its
environment, AC, and inversely proportional to the
sum of the internal resistance of the leaf, R, and the
external resistance of the boundary layer outside the
leaf, Ry, ie.

N=_AC _ac %))
R,+Ry Ry

If the water vapor in the interior is saturated, it is
not difficult to measure the transpiration rate and
the driving force experimentally, but in order to
isolate the effect of stomatal behavior in the
interpretation of the experimental data, it becomes
necessary to calculate the magnitude of the external
resistance analytically and to assume that no
coupling exists between the two resistances [ 11].

This study was undertaken to develop a theory for

predicting the external and nternal resistances of a
leaf with air flowing over it. A non-living model of a
leaf was chosen as the experimental system in order
to eliminate the possibility of unknown physiological
phenomena affecting the interpretation of the results.
In a later nhaqe of this thrl\. the results rpnnrrpd

here were applied to living ]eaves [12,13].

H. EXPERIMENTAL EQUIPMENT AND PROCEDURE

The objective of the experiments was to measure
the rate of evaporation from flat plate models of
Ieaves over a wide range of pore geometries and pore
densities under flow conditions resembling a natural
environment. Most of the evaporation measurements
were made in a small ecological wind tunnel
(SEWT). This wind tunnel, which is described in
more detail by Cannon [14], had provision for
temperature, humidity, and irradiation control. In
addition to standard instrumentation for measuring
air velocity, temperature, humidity. and static pres-
sure, a constant temperature hot wire anemometer
was available to measure the turbulende level. Since
the turbulence level was rather high in the SEWT,
some tests were also made in a large low turbulence
level tunnel (LTLT) described by McMichael [ 15] in
order to study the onset, level, and scale of
turbulence, and to corroborate the results obtained
in the SEWT.

Two groups of plates were used in the experiments
(see Table 1), All the plates in the first group, called
simulated leaf models, had a high pore density,
bracketing conditions found in nature. It would have
been desirable to have plates with pore densities
between 5x10° and 1x10° pores/m? and with
porosities between 2 and 4%, but onfortunately it
was not possible to drill or punch sufficiently small
holes economically; in addition, Nuclepore Mem-
brane Filters were available in only one size at the
time.

All the plates in the other group had a low pore
density (about 6000 pores/m?) and rather large
holes. Their physical characteristics do not resemble
those of leaves and they were tested mainly because a
strange phenomenon, to be described later, was
observed and it was hoped that the tests with these
plates would shed light on the vnexpected obser-
vation. All in all, experiments were performed with
I3 different perforated plates, having porosities
between (.5 and 59, pore lengths between 10 um and
4100 pm, pore densities between 6 x 10° and 9 x 108
pores/m?, and overall plate dimensions of length in
direction of flow and width perpendicular to the flow
of 0.127 and 0.0508, 0.203 and 0.0787, and 0.0787
and 0.203m, respectively. The latter two plate
geometries were physically the same plate, but the
third was the second plate turned =2 radians in the
wind tunnel to determine how a change in the L/D
ratio would affect the results.

The perforated plate assembly consisted of a
holder and a removable perforated plate on top, as
shown in Fig. 1. The actual sizes and densities of the
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Table 1. Physical characteristics of perforated plates
Simulated leaf models
Spacing

between Internal

pores resistance
Plate Plate Pore Pore Pore in flow Porosity, R 1

assembly  dimension* density diameter, length, direction s, % open  (equation 6)
number L/D (m/m}) {pores/m?) d (um) t (um) t/d (xm) s/d area (s/m)

1 0.203/0.0787 1.00 % 10° 8.13 109 1374 318 39 5.02 9.19

2 0.127/0.0508 1.00 x 10° 813 109 1.374 318 9 5.02 9.19
3 0.127/0.0508 4.14 x 10° 351 130 0370 1650 47 400 217
4 0.127/0.0508 298 x10° 394 508 0129 2010 52 362 184
5 0.127/8.0508 1.66 x 10° 244 193 0.792 2590 106 0.77 1220
6 0.203/0.0787 161 x10° 262 208 0.797 2410 9.3 0.86 1160
7 0.0787/0.203 161 x 10° 262 208 0.797 2410 93 0.86 1160
8 0.127/0.0508 9.77 x 10* 376 50.8 0136 2740 73 1.08 597

Low density plate models

9 0.127/0.0508 6.20 x 10° 1090 107 0.099 12700 116 0.58 2980
10 0.127/0.0508 543 x 103 1060 1740 1.646 14200 13.5 048 14600
11 0.127/0.0508 6.20 x 10° 1140 4080 3.573 12700 11.1 0.64 22900
12 0.203/0.0787 6.36 x 10> . 1180 130 0.110 12700 10.8 0.69 2780
13 0.0787/0.203 6.36 x 10° 1180 130 0.110 12700 10.8 0.69 2780

* 1, distance from leading to trailing edge, D width of plate perpendicular to flow direction.

pores in the plates used in this study are presented in
Table 1. With the exception of the high density plates
(Plate Assemblies Nos. 1 and 2), the perforated
plates were made of sheet metal into which precision
holes were drilled or punched. The high density plate
was a polycarbonate membrane, a product of the
General Electric Company called a Nuclepore
Membrane Filter. After manufacture, the holes were
examined microscopically to verify their exact size
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1. Experimental model showing plate-holder and
perforated plate assembly.
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and make sure that they were free from burrs. All
plate holders and plate assemblies were beveled at
the leading edge at an angle of 0.52 radians (30°) to
provide a sharp leading edge for the boundary layer.

As shown in Fig. 1, water was supplied to the
cavity of the plate holder from a small reservoir in its
rear, which was connected by a manifold of tubes to
the bottom of the cavity. The purpose of the
reservoir was to keep the bottom of the cavity
saturated with water vapor throughout an experi-
ment as water transpired from the cavity through the
perforations during a test. The temperature in the
cavity was measured with a thermocouple to verify
that conditions remained constant and to evaluate
the diffusivity properly. The inside bottom surface of
the cavity was lined with blotting paper which was
saturated with water before each test. Blotting paper,
rather than a free water surface, was used because it
was too difficult to handle routinely without spilling
an assembly with an open water surface. Initially,
however, tests were performed with Plate Assembly
No. 5 to ensure that the transpiration rate from a
cavity with a free water surface was the same (to
within 1%) as that from a cavity lined with blotting
paper. The four edges of the perforated plates were
sealed to the plate holder before each test run with
tape and paraffin wax in order to prevent evap-
oration anywhere except through perforations on the
top. Thus, as shown in more detail in Section III, a
perforated plate assembly modeled a transpiring leaf,
with the saturated blotting paper taking the place of
the outer surface of the mesophyll cells, the gap
above simulating the sub-stomatal cavities inside a
living plant leaf, and the perforations taking the
place of the stomatal passage and opening.
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from a plate of uniform concentration.

After a plate assembly had been prepared as
described, it was placed in the wind tunnel test
section, as shown in Fig. 1, where it was held by a
clamp at the rear of the plate assembly. The surface
of the perforated plate was aligned with a level for
tests at zero angle of attack and with a protractor for
tests at other angles of attack.

The rate of evaporation through the pores of the
perforated plate was determined by weighing the
entire assembly periodically at 10-20 min intervals.
To obtain the weight of the assembly, it was placed
on a Mettler balance, which could be read to within
10" %kg. The balance was located adjacent to the
test section, so that a weighing took less than 30s.
The time between weighings was recorded by an
automatic timer. During the weighing period the
tunnel remained in operation to maintain constant
environmental conditions. The first ten minutes of
each test were discarded in order for the plate
assembly and tunnel to approach equilibrium con-
ditions. Evaporation rates were taken as the differ-
ences between consecutive measured weights divided
by the time elapsed between weighing. The accuracy
of the transpiration rate measurements with the
experimental procedure described above is within
+10%; [14].

To determine the overall accuracy of the experim-
ental procedure and to ensure that all the equipment
was performing properly, an initial series of tests
were conducted under conditions similar to those
studied previously by other investigators. The system
selected for these preliminary tests was a flat plate at
uniform concentration and zero angle of attack. The
system was constructed by using the same holder
which was subsequently used in the simulated leaf
studies, but the perforated plate was replaced by a
sheet of blotting paper saturated with water to
obtain a uniform potential over the entire surface.
The holder with the blotting paper was then placed
in the wind tunnel and evaporation rates were
determined by the same procedure which was used in
the simulated leaf model tests.

The experimental mass-transfer data for these tests
are shown in Fig. 2 where the average Sherwood
number is plotted as a function of the Reynolds
number with the distance from the leading to the
trailing edge of the blotting paper as the length
dimension in both parameters. In the laminar regime
the experimental data are compared with predictions
from laminar boundary-layer theory [16] as well as
with experimental results from convection heat-
transfer tests performed in a wind tunnel with a flat
plate of 0.0508m x0.0762m surface area [17].
According to boundary-layer theory, the average
Sherwood number is related to the Reynolds number
by the equation

Shy = 0.575Re}’2. )

when the Schmidt number is 0.65, the average value
for the condition of the tests. Parkhurst and
Pearman [17] showed, however, that with a small
flat plate in a wind tunnel it is practically impossible
to realize the conditions necessary to correspond to
the idealized assumptions of laminar boundary-layer
theory and that the finite span of the plate causes a
slight increase in the coefficient in equation (2). From
these heat-transfer experiments it appears that the
expected experimental results should lie along the
dashed line in Fig. 2, approximately 13%, above the
line projected by the theory for a plate of infinite
span.

According to Treybal [18] the best fit correlation
for mass transfer by turbulent forced convection in
flow over a flat surface is proportional to Re%%3
rather than Re®%° as predicted by Reynolds’ ana-
logy. Applying his results, which were obtained in a
wetted wall column, to flow over a flat plate with
mass transfer of water vapor to air flow above yields
the following relation for the average Sherwood
number as a function of a Reynolds number for a
Schmidt number of 0.65:

Sh, = 0.0335Re%-83. 3)

Figure 2 shows that in the laminar as well as in the
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turbulent flow regime the calibration tests agree with
the results of other investigators well within the
estimated accuracy of the experimental data. The
vertical arrows indicate the range of uncertainty of
the experimental values of the Sherwood number at
both ends of the Reynolds number range (approx-
imately +20%).

The only unexpected result revealed by the
calibration tests was that transition from laminar to
turbulent flow begins at a Reynolds number of about
1.5x 10* rather than 6 or 8 x 10* as predicted by
stability theory [19]. This result, however, is in
agreement with data obtained by Kestin et al. [20],
Edwards et al. [21], and Grace and Wilson [22] in
flow over a flat plate. In these investigations it was
found that an increase in turbulence level shifted the
transition to a lower Reynolds number, but had no
effect on the conventional Nusselt number vs
Reynolds number correlation above and below the
transition point.

To evaluate the turbulence level in the boundary
layer over a plate of the size used in the simulated
leaf tests and to determine whether or not the mass-
transfer process affects the transition point, a series
of tests were also performed in the low turbulence
wind tunnel. This tunnel has a free stream turbulence
level less than 0.05% at a velocity of 3.05m/s. The
mean velocity and the intensity of the axial com-
ponent of the turbulence velocity fluctuations were
measured at various locations in the boundary layer
over the 0.127 m long and 0.0508 m wide plate at free
stream velocities between 0.91 and 64 m/s both
the presence and absence of transpiration. Measure-
ments were made with a 2.54pm dia, constant
temperature hot wire as described in detail by
Cannon [14] and a wave analyzer was used to
determine the spectral distribution of the longi-
tudinal turbulence velocity component. These tests
show that the turbulence intensity rises sharply at a
Reynolds number of 1.5 x 10%, indicating that the
early transition is primarily a fluid mechanical
phenomenon due to the size of the plate and not the
result of the high turbulence level in the ecological
wind tunnel or the mass transfer from the surface.
Similar results were obtained with the 0.203x
0.0762m plate. One may therefore conclude that
since the turbulence level above small plates is quite
high even at zero angle of attack, the transition at a
lower Reynolds number than the value predicted by
linear stability theory is not unexpected. Moreover,
since high turbulence levels have also been reported
by Pearman et al. [23] in tests conducted in a
natural environment, the experimental results ob-
tained in the ecological wind tunnel correspond to
flow conditions expected in vivo and the accuracy of
the experimental procedure can be considered
satisfactory.

HI. DEVELOPMENT OF AN ANALYTICAL MODEL

In the development of a mathematical method to
predict the rate of transpiration from a model of a

real leal, a compromise between analytical rigor and
the degree of complexity must be struck. The model
developed in this study takes into account the
principal physiological features of a living plant leal
as well as of the external flow field. At the same time,
however, to simplify the analysis the model also
makes use of experience gained from previous
investigations with living plants as well as from flow
and heat- and mass-transfer analyses in geometri-
cally similar, but nonliving systems.

Figure 3(a) is a schematic diagram of a typical
dicotyledon leal. It consists of several layers of cells,
called the mesophyll, in which photosynthesis occurs.
The mesophyll is covered by a layer of different kinds
of cells, called the epidermis. The outer wall of the
epidermal cells are coated with a waxy substance,
called the cutin, which is almost impervious to the
diffusion of water vapor. Transport of water from the
feal into the surrounding air occurs through pores,
called the stomata. Each stoma is formed by two
kidney-shaped cells, called the guard cells, which
control the size of the pore opening. According to
one widely held theory, since the inner walls of the
guard cells are thicker than the outer ones, when the
pressure in these cells (the turgor pressure) increases,
the weaker outer wall balloons out, carries the inner
wall along with # and causes the stomatal pore to
open. When the guard cell is flaccid, the thick, elastic
inner wall stretches and reduces the pore opening. In
this manner plants control their water loss.

When the stoma is open, water passes first from
the mesophyll cells into the cavity below the
stomatal pore, then in the vapor phase through the
stomatal pore to the leaf surface, and finally through
the boundary layer over the surface of the leaf into
the surrounding air. Although the exact location of
the evaporating surface is still a subject of discussion,
most plant physiologists agree that it is reasonable
to assume that a saturated liquid—vapor interface
exists at the outer walls of the mesophyll cells
[24,25]. Unless there is insufficient water in the soil,
transpiration can be viewed as a mass-transfer
process which, in accordance with the diffusion
resistances in the leaf and in the surrounding
boundary layer, controls the water consumption of a
plant. A quantitative understanding of the energy
balance in eco-systems in general and of transpi-
ration in particular requires, therefore, a knowledge
of the interaction between the external fluid dy-
namics and the internal diffusion.

The analytical model for this study is shown
schematically in Fig. 3(b). It consists of a perforated
plate having the shape of the leaf. Below cach
perforation is a large cavity, resembling the sub-
stomatal cavity, whose surface is saturated with
water vapor, intended to resemble conditions at the
mesophyll wall. From this interface water vapor
diffuses through the boundary layer into the
environment,

A problem in modeling the resistance of the
system shown in Fig. 3(b) is that the resistance
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F1G. 3(b). Schematic sketch for the development of the analytical model for transpiration from a leaf.

associated with the substomatal cavity and stomatal
pore is defined only at discrete points along the
porous surface, whereas the resistance of the bound-
ary layer is continuous and defined everywhere.
The discrete nature of the pore and cavity resistances
can be accounted for by determining the pore/cavity
resistance per unit area and defining a pore/cavity
resistance for every point along the surface.

Transpiration from plant leaves differs from that
for the porous flat plates used in this study because
all the substomatal cavities are isolated in the
former, whereas they are interconnected below the
plate in the latter. This interconnection affects the
mass-transfer resistance of the cavities, an effect
which will be accounted for in a later section, and
will be referred to as “interference”.

The model studies also account for a second type
of interference effect which occurs in the boundary
layer and is thus common to leaves as well as porous
flat plates. This interference effect arises from the
diffusion of the transferring species downstream of
the holes. This interference phenomenon in plant
leaves, first mentioned by Brown and Escomb [26]
at the turn of the 19th century, has been investigated
analytically by Weinberg {27]. A proposed rule of
thumb is that interference is significant only when
the ratio of the distance between pores to the average
pore diameter is less than 10. This interference effect,
referred to as “boundary-layer interference”, was
approximated by considering two extreme models. In

one, the CIML model (Complete Interference Model
Laminar), the interference is assumed to be so
effective as to produce a constant concentration
along the surface of the porous plate (or leaf). In the
other, the NIML model (Non-Interference Model
Laminar) it is assumed that the interference is
negligible and the surface congentration increases in
the direction of flow due to the increase in boundary-
layer thickness. Resistance analogies for these two
models are shown in Figs. 4(b) and (¢), where Ry, is
the boundary-layer resistance, R, is the stomatal
pore resistance, and R; is the substomatal cavity
resistance. Appropriate equations for these resis-
tances are developed in the subsequent sections.

IIL1. Resistance of a single pore, R,

Consider the steady-state unimolecular diffusion of
species 4 in a dilute solution with solvent B. The
molar flux of species A through a pore of diameter d
and length ¢ is given by

Ny = CoClRy=50% @
p

where C, and C,, are the molar concentrations of
4 at the pore inlet and outlet, respectively, and R,
=t/? is the resistance of a pore to the mass
transport of water vapor, in which < is the binary
diffusion coefficient. The resistance as derived here
assumes that the flow in the pore is unidimensional
which, for a relatively short pore, is of course an
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approximation, The error introduced by this simplifi-
cation has been investigated [28,29] and is not
seripus for the conditions of this study.

111.2. Inlet resistance of a single pore

The flux from the substomatal cavity towards a
circular opening of a stoma can be calculated by
approximating the real system as diffusion from a
semi-infinite space towards a circular disk. The
molar flow rate can be obtained from the solution to
the analogous heat transfer problem given in
Carslaw and Jaeger [30]:

: 8«
==2AC,. 5

NA,, ﬂd A ( )
Thus, the inlet resistance for diffusion from the
substomatal cavity towards the pore entrance can be
approximated by nd/8%.

II1.3. Internal
interference

In the absence of an interference effect due to
interconnected pores, the internal resistance offered
to diffusion by N pores, R,, is obtained by combining
the inlet resistance and pore resistance for each pore
in series. This yields for N pores in parallel

1/t nd
R':N<§+@)' (©)
If the pore diameter is much smaller than the

thickness of the boundary layer on the outside in
laminar flow, or much smaller than the thickness of

resistance of N pores without
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the laminar sublayer in turbulent flow, it appears
that there may exist an “outlet resistance”, similar to
the inlet resistance [31].

IIL4. External boundary-layer resistance

For the water vapor from a substomatal cavity to
reach the surrounding atmosphere it must pass
through the boundary layer on the outside of the
leaf. To obtain the total diffusion resistance it is
therefore necessary to incorporate the internal pore
resistance as well as the external boundary-layer
resistance into the model. While the average internal
resistance per unit area depends only on the pore
density and geometry, the resistance offered by the
boundary layer is a function of the distance from the
leading edge and the appropriate functional re-
lationship will depend on whether the flow is laminar
or turbulent and whether the convection is free or
forced.

4(a) Forced convection. In view of the extreme
complexity of the physical system, certain simplifying
assumptions had to be made in the analysis. The
simplest approach.is to assume the flow over any
section of width dy along the flow direction
resembles flow over a flat plate and that the
concentration over the entire leaf surface is uniform
due to complete and rapid mixing of the water vapor
emanating from the pores. This is equivalent to
assuming maximum interference between adjacent
pores, which effects complete mixing and a uniform
surface concentration, and will be referred to as the
complete interference or mixing model for laminar
boundary-layer flow (CIML). In laminar flow the
local Sherwood number at a distance x from the
leading edge is

1/2
Shy, = K—;Lfi = 0332 (’—’ﬁu—w’5> Sct? (1)

whereas the effective average conductance [32] of the
boundary layer, Kz, over a leaf whose shape is
defined by a function w(y) as shown in Fig. 4(a) is

D (w(y)

K dx'dy

K BL = 2 Do w(y)
J j dx'dy
o Jo

% 1/3 1/2
= 0664 7~ S¢'* (Rey, )", )

e

where x' is a coordinate measured from the local
upstream edge of the leaf as shown in Fig. 4(a). The
effective length L _is defined by

D / D 2
Lﬁ“ W(y)dy/j W(y)”zdy} ©)
Jo i Jo

for flow over a flat plate of uniform width L =L,
the length of the plate in the direction of flow.

According to equation (1) the total overall
resistance for the CIML model for one surface of the
leaf model is therefore

R, =

1 _
K—T=R1+R3La (10)
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where K1 = Shy%/L,. The electrical analog for the
CIML model is shown in Fig. 4(b).

A complete interference model can be developed
for turbulent flow (CIMT model) if the local
Sherwood number is taken from the relation [33]

Shy, = 0.0296Re®8Sc!. (11)
One then obtains for the effective average con-

ductance of the boundary layer

_ 1 v
Ky =z =125x 0.0296 -~ (Re,, )8, (12)

BL

D [ (D 5
LE=U W(y)dy/f W(y)°'8dyj|~ (13)
0 ! Jo

A model representing another extreme can be
obtained if one assumes that there is no mixing in
the boundary layer; this is equivalent to assuming
no interference between adjacent pores. In this case
the concentration at the surface, i.e. at the outlet of
the pores, is not uniform because the resistance of
the boundary layer varies with distance from the
leading edge whereas the internal resistance is the
same for all the pores. The relevance of this
nonuniformity to actual plant leaves has been
discussed in a recent article by Wigley and Clark
[34]. The electrical analog for this non-interference
model (NIML or no-mixing model) is shown in Fig.
4(c).

Since the concentration, C , for the NIML model
is not uniform over the surface, the constant in the
relation between the Sherwood number and the
Reynolds number depends on the functional va-
riation of the concentration which in turn depends
on the boundary-layer resistance itself. An accurate
solution for the Sherwood number requires therefore
numerical methods as shown in [31]. However, since
in real leaves most of the diffusion resistance is in the
pores, a small error due to a lack of precision in the
boundary-layer resistance will not affect the total
resistance appreciably. If one assumes that the
boundary-layer resistance can be calculated from the
available solution for a linearly varying concen-
tration with distance from the leading edge, the
overall average mass-transfer coefficient for a perfor-
ated surface, K, defined in equation (10) becomes

[33]:

S W( B >d ay | LJD dyd
Ky= oz |dx dy w{y}dydx’
T fo J‘o BRI+x”2 /J; 0

D 112
L ZB([w(y)]”Z—BR, ln{l +L%}>dy

LJ w(y)dy
0

where

(14)

where B = 0.535(p, U /i, )27 Sc'?.
For flow over a perforated flat plate of constant
width D equation (14) reduces to

1/2
R =2TB{(L)1/‘2—BR,1n[1+(II;L’ ]} (15)
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A comparison between the predictions of the
complete mixing (CIML) and no-mixing (NIML)
models developed here indicates that if the
boundary-layer resistance is of comparable magni-
tude to the internal pore resistance, the effect of
boundary-layer interference will be to increase the
Sherwood number and hence the evapotranspiration
rate. However, if the boundary-layer resistance is
considerably less than the internal resistance, the
effect of boundary-layer interference will be to
decrease the Sherwood number.

4(b). Free convection. When the wind velocity is
low, the external transport will be by free rather than
forced convection. Defining a Grashof number for
mass transfer as Gr, = (L*p?g/u*NC,,—C4.)/C 4,
free convection exists when Gr, /Re?’ is larger than
unity. Under these conditions, the boundary-layer
resistance must be calculated from appropriate
relations for free convection. Only laminar con-
ditions need be considered because turbulent free
convection hardly ever exists over a leaf in nature.

For a horizontal flat plate with a higher con-
centration of water vapor over the top surface than
in the surrounding air the average mass-transfer
coefficient according to Kreith [35] is

i 1 ,
Ky = g = 054(%/L)Gr, o)™ (16)

BL
whereas for the lower surface the coefficient in the
above equation becomes 0.27.

According to equation (16), the boundary-layer
resistance is a function of the surface concentration
in the Grashof number. For the complete mixing
model, the surface concentration can be calculated
since the rate of mass transfer from the cavity equals
the rate of mass transfer from the surface, or

(CA. - CA(;) — (CA()__ CA‘ )

N, =
! R, Ry

(17

Substituting equation (16) for R, gives

(CA,_CA(,) _ CA(;_CAM (18)

RI B VV[CA()/(CA()A‘C‘A:)]1/4

where W =[0.54( /LY p*g/u*7)"*]~" for the up-
per surface. Equation (18) can be solved for C ., by
iteration and the result substituted in equation (16)
to obtain the resistance of the free convection
boundary layer and in equation (10) to calculate the
total rate of mass transfer from the cavity into the
surrounding air. Combined free and forced con-
vection occurs when (Gr,/Re?3) is between 0.1 and
1.0 [36].

IIL5. Interference resistance

The CIML and NIML models provide bounds on
the effect of boundary-layer interference arising from
diffusion of the transferring species downstream of
the holes. The interference effect arising from the
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interconnected substomatal cavities in the porous
flat plates used in this study will be considered next.

The interference effect of interest here is related to
a problem solved by Keller and Stein [37]. These
investigators solved the Fourier equation for a
matrix of pores with diffusion into a stagnant
boundary layer on one side, assuming that the pores
are equally spaced so that water vapor from each
pore could diffuse only into a hexagonal space in the
stagnant layer. In the mathematical treatment they
replaced this hexagonal cylinder by a circular
cylinder of diameter 2b, the average distance between
the axes of adjacent pores. For a stagnant boundary
layer of thickness, 3, with equally spaced pores of
radius q, the diffusion resistance can be expressed in
the form

R, = (4a/)4.79(B, 1), (19)
where
A 1 & J¥a,a)tanh(x,al)
PN N e e

with B =b/a, A=4J/a, and
J1 (2, ) = 0.

The interference effect considered by Keller and
Stein is found to be negligible for ratios of pore
spacing to diameter larger than 10 if 1 is less than 20,
but the effect can become appreciable for larger
spacing to diameter ratios if the stagnant layer is
thick, i.e. 4 is large. Since the analysis of Keller and
Stein ignores any motion in the boundary layer, it is
not quantitatively applicable to the outer surface
over which the boundary layer flows and where it
would indicate unrealistically large resistances. The
analysis of Keller and Stein does, however, have an
important bearing on the application of the experi-
mental results with a perforated plate to a real leaf.
Since it was practically impossible to provide each
pore in the perforated plate of the experimental
model with a source of its own, there is a difference
between the experimental model and the analytical
model describing a leaf. In the experimental model
the water vapor diffused from a sheet of blotting
paper at uniform potential towards and through the
pores, whereas in a leaf, as well as in the analytical
model describing a leaf, each pore is fed by its own
sub-stomatal cavity. Consequently, there exists in the
experimental model an entry interference when the
pores are closely spaced. This effect, which is
significant for some of the high density plate
assemblies, must therefore be taken into account in
the comparison of the experimental results with the
predictions from the analytical leaf model. However,
since the conditions at the inlet to the pores, i.e.
between the upper surface of the sheet of blotting
paper and the lower surface of the perforated plate,
correspond exactly to the system described by Keller
and Stein, the Sherwood number for a perforated
plate assembly can be corrected for interference
effects at the inlet of the pores by multiplying the
HMT Vol. 22, No. 3--1
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inlet resistance for an isolated pore in equation (6)
by the interference factor 4.7¢. In the interpretation
of the experiments to be discussed in the following
section, the theoretical predictions corrected for inlet
pore interference effects are referred to as “with
interference”. In all cases where this correction was
applied, 5 was assumed equal to 1590 pm.

IV. EXPERIMENTAL RESULTS
Typical experimental results for evaporation from
plate assemblies 1, 2, 3, 5 and 8 are shown in Figs. 5
and 6 where the overall Sherwood number for
each configuration (Shy = mL/“A,AC) is plotted
as a function of the plate Reynolds number (Re,
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= po U,L/u). The legends in these figures relate the
symbols for each plate and pore configuration to the
physical dimensions given in Table 1. All the data in
Figs. 5 and 6 were taken at zero angle of attack, the
physical properties of the water vapor used in the
reduction of the data were based on the temperature
in the cavity as measured by a thermocouple,
whereas the properties of the air in the free stream,
as well as its velocity, were taken at the average
value in the test section. The results for the other
plate assemblies are given in the thesis of Cannon
[14].

A few tests were made at a Reynolds number of
3.2 x 10* to determine the effect of the angle of attack
of the surface of the plate on the evaporation rate.

however, at Reynolds numbers of approximately 1.5
x 10%, but had no noticeable effect on the measured
Sherwood numbers because for these extremely small
pores the mass transfer was entirely controlled by the
internal pore resistance. For this reason the Nucle-
pore membrane data provide no test of the ability
of the models for describing the external boundary-
layer resistance to diffusional transfer.

Figure 6 compares the predictions of the complete
mixing (equation 8), no-mixing {equation 15), and
complete mixing corrected for inlet pore interference
effects (using equation 19) models with the data for
plates 3, 8, and 5, given in order of increasing pore
spacing-to-diameter ratio. The difference between
predictions of the complete mixing and no-mixing

Table 2. Comparison of evaporation rates from horizontal flat surfaces and flat surfaces at small angles of inclination

to the wind
Angle of
inclination,* Apx 102 mx107 .
(radians) rh., T, (K} T.{(K) Rep x107%  (kg/m?) {kg/s) Shy = mL{AAp~
Evaporation from a plate with uniform concentration (L/W = 2.5}
-0.175 0,191 2998 292.0 31943 113 28.50 169.1
0 0213 299.0 2922 32.359 1.12 25.18 127.6
+0.175 0.210 2999 294.1 31.799 129 2125 109.4
Evaporation from plate assembly No. 5
—0.175 0.209 2992 2971 32.033 1.66 3278 13.10
—0.0873 0.198 2999 298.6 32.265 1.86 2.056 7.38
0 0.266 299.7 298.7 31.841 1.71 1.519 5.84
0 0.209 299.2 298.2 32.033 1.80 1.519 5.56
+0.0873 0.264 299.8 2992 3209 1.77 1.028 3.84
+0.175 0.266 2997 299.0 31.840 175 1074 404

* Positive angles indicate that leading edge of plate is tilted down, whereas negative angles indicate that leading edge
g g edge ol p 8

of plate is tilted up.

The results of these tests are compared in Table 2 for
a surface of uniform concentration, as well as for a
perforated plate, with the results of tests at zero
angle 'of attack. When the leading edge is tilted
upward the transpiration rate is larger than for a
horizontal surface, whereas downward tilting of the
leading edge reduces the rate of evaporation. The net
rate of increase is qualitatively in agreement with
results obtained by Parkhurst and Pearman [17] in
convective heat transfer from a leaf model, where an
angle of attack of 0.14rad (8°) increased the total
rate of heat transfer from both surfaces by 30%.
Figure 5 shows the Sherwood number vs Reynolds
number for plates 1 and 2. These are the high pore
density plates made of Nuclepore membranes. The
solid line in this figure corresponds to the predictions
of equation (8), the complete mixing model, cor-
rected for inlet pore interference effects using equa-
tion (19). The agreement over the entire Reynolds
number range between the data and the model is
within the experimental accuracy estimated by
Cannon [14] to be +20%. These data do not show
any detectable effects from laminar to turbulent
boundary-layer transition. Transition did occur,

models is seen to be rather insignificant except for
plate 3. This result is reasonable since the boundary-
layer interference effect which is accounted for in the
complete mixing model, but totally ignored in the
no-mixing model, should be most pronounced for
plate 3 because of its relatively small pore spacing-
to-diameter (s/d) ratio. Again the correction for inlet
pore interference effects is seen to be significant for
these data.

In contrast to Fig. 5, the experimentally measured
Sherwood number in Fig. 6 begins to rise abruptly at
a Reynolds number of approximately 15000 and
reaches a value two to three times larger than that
predicted by any of equations 8, 12, or 15 at a
Reynolds number of 45000. A similar phenomenon
was observed in the data for plates 4, 6, and 7 (not
shown). This enhanced rate of evapotranspiration is
considerably greater than would be predicted by the
turbulent boundary-layer model; hence the pre-
dictions of this model are not shown in Fig. 6.

Initially, it was believed that this unexpected
enhancement in the rate of evaporation could be the
result of the decrease in the boundary-layer re-
sistance accompanying the transition from laminar
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to turbulent flow which occurs approximately at the
same Reynolds number as the change in shape of the
Sherwood number—Reynolds number correlation
curve. However, the increase in the experimental
Sherwood number is so large that even if one were to
assume that the boundary layer offers no resistance
at all and calculate a Sherwood number based only
on the internal resistance within the pores, the model
still could not quantitatively explain the observed
values in the “enhanced” transpiration region. The
Sherwood number increase in the “enhanced” tran-
spiration region therefore cannot be explained within
the framework of the original model, but must be the
result of an unexpected new phenomenon which had
heretofore not been taken into account in the
analysis. The absence of this “enhanced” transpi-
ration region in the Nuclepore membrane studies
strongly suggests that the phenomenon is due to
altered transport in larger pores. At this point of the
investigation four general hypotheses were advanced
to explain the observed increased in Sherwood
number:

1. An additional interference phenomenon be-
tween pores could change the flow pattern in the
pores.

2. A pressure gradient due to the shear over the
plate surface could induce a flow into the cavity near
the leading edge and outward through pores near the
trailing edge.

3. A pressure gradient in the boundary layer
perpendicular to the plate surface could induce a
convective flow of substantial magnitude through the
pores.

4. Turbulent eddies from the zone of maximum
generation could penetrate into the pores.

In order to test the first hypothesis, several plates
of similar porosity but with larger pores were
constructed in order to eliminate the possibility that
some type of unexpected interaction phenomenon
between pores could influence the evapotranspi-
ration; this has often been used by plant phy-
siologists as an ad hoc theory to explain un-
expectedly large water losses observed occasionally
with living plants [38-42]. The results of experi-
ments with several plates having a porosity of about
0.5%, relatively large and widely spaced holes, are
shown in Fig. 7 where the total Sherwood number is
plotted as a function of Reynolds number. The lines
in this figure represent a least squares fit of the data
rather than theoretical predictions. One observes
again the existence of an “enhanced” evaporation
region at Reynolds numbers above 15000. These
results, as well as the higher than predicted transpi-
ration rates observed by Ting and Loomis [41, 42]
even with a single pore membrane in a wind velocity
of about 5.18 m/s, indicate that interference between
pores cannot be responsible for the “enhancing”
mechanism which produces the unexpected increases
in Sherwood number.

The second and third hypotheses were tested by
examining how the pore geometry affects the
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transpiration in the enhanced regime. The ratio of
the experimental to the predicted Sherwood number
at a Reynolds number of 4.5 x 10* was plotted vs the
pore diameter for plate assemblies Nos. 3, 5, 6, 9, and
12 which have nearly the same pore diameter. These
plots established that the degree of enhancement
increases both with pore length and pore diameter.
The dependence of the degree of enhancement on the
ratio of pore length to diameter was also examined,
however, no correlation could be found.

If the flow mechanism postulated under our
second hypothesis were responsible for the enhance-
ment in transpiration, one would not expect the
degree of enhancement to increase with an increase
in pore length, since this would retard the flow both
into and out of the cavity. Furthermore, hypothesis
No. 2 would imply that enhancement would be
observed only with multiple pores. Yet, Edwards and
Furber [21] observed enhancement with a single
pore. Thus, this hypothesis was abandoned.

The results in Figs. 6 and 7 and the geometry
effects discussed above suggest that a mechanism to
account for the enhanced transpiration regime would
have to commence at the transition Reynolds
number and exert proportionally more influence as
the Reynolds number, pore diameter, and pore
length increase. The mechanism suggested under
hypothesis No. 3 would be able to provide for an
increase in transpiration with increasing Reynolds
number and pore diameter, but not with pore length.
Nevertheless, the maximum bulk flow that could
occur through the pores due to a pressure difference
between the cavity and the surface of the plate was
determined analytically by Cannon [14]. Although
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the predicted bulk flow was directionally correct, the
pressure difference across the boundary layer was an
order of magnitude too small to account for the
observed transpiration rates.

These consistently reproducible experimental re-
sults which were not in agreement with predictions
based on conventional transport processes thus
made it necessary to examine a fundamentally new
type of mechanism. Numerical calculations by
Ruchal, Spalding and Wolfshein [43] for the steady
transport of heat and mass in a two-dimensional
square cavity have shown that in two-dimensional
flow over a square cavity, mass penetration by
recirculating eddies can occur even at creeping flow
Reynolds numbers, and that it is possible for
turbulence to penetrate into such cavities provided
that the scale of the turbulence is of the same order
of magnitude as the cavity opening. Although these
calculations were made only for two-dimensional
systems, they suggested a qualitative direction for
examining a three-dimensional system such as the
pores in the plates used in the experiments.

V. A TURBULENT PENETRATION THEORY

As shown in the body of this article, the
experimentally measured Sherwood number for mass
transfer through a perforated plate, emanating from
a large source located below the plate, into an air
stream flowing above the plate, begins to rise
abruptly at a Reynolds number of about 15000 when
the size of the perforations is above some critical size.
The onset of this phenomenon occurs simultaneously
with transition from laminar to turbulent flow in the
boundary layer above the plate. However, the
increase in the measured overall mass transfer
coefficient is much larger than can be accounted for
by the change in boundary-layer resistance due to
transition from laminar to turbulent flow. Of the
four hypotheses to explain these observations, three
had to be rejected either because they could not
account for the observations quantitatively or be-
cause they were in qualitative disagreement with the
trends of one or more of the governing parameters.
The analysis presented below constitutes the fourth
hypothesis. Although additional experiments will be
necessary to test this hypothesis, the mechanism
postulated here can account for the experimental
results.

The mechanism of mass transfer in the “enhanced
regime” is a combination of diffusion and turbulent
transport. Under normal transport conditions mass
is transferred from the source in accordance with
Fick’s law into and through each pore by diffusion
and by turbulent convection from the outlet of the
pore into the boundary layer. Periodically, however,
the laminar sublayer above the pores is penetrated
by turbulent eddies which sweep into the holes,
remove the air and water vapor in the holes and
replace the mixture by air from the boundary layer.
In this manner, the diffusional transport through the
pores is augmented by a convective transport which

is far more effective than ordinary diffusion and can
transfer mass from the pores at a much higher rate than
is predicted by Fick’s law. This mechanism can operate
only when the hole size is equal to or larger than the
microscale of the turbulence in the flow.

Assuming that the RMS velocity fluctuations
perpendicular to the wall bring fresh air from the
mean flow into the pores and at the same time
remove the air and water vapor residing previously
within the pores, the mass transfer flux from a single
pore by the eddy penetration mechanism is

N = v'fAC. (21
The RMS velocity fluctuation ¢ in the vicinity of a
wall has been correlated empirically with the

turbulent energy e by the relation [44-46]
v~ 0.27e. (22)

The turbulent energy, in turn, is related to the
Reynolds stress in the wall region by

uv ~ —0.20e. (23)
Near the wall the Reynolds stress reaches a
maximum value characterized by
o = —p*?, (24)
1/2

where v* = (1,,/p)''? is the friction velocity which
can be evaluated from available correlations between
the wall shear 7., and free stream velocity U, [16]:

7,./p = 0.0296UZ (Re,)~ %2 (25)

The symbol f in equation (21) denotes the
penetration coefficient. Physically it can be in-
terpreted as a parameter whose value depends on the
percentage of eddies which penetrate into the pores,
the depth to which the eddies penetrate, the
effectiveness with which eddies exchange gas and
vapor within the pores, and the concentration
gradient existing under normal diffusion conditions
within the pores. The penetration coefficient should
be a function of the spectral energy distribution in
the vicinity of the wall, the Schmidt number, and the
pore Reynolds number. For the proposed pen-
etration model to be physically viable, the coefficient
f must be less than unity,

Combining equations (21)-(25) yields the foliow-
ing equation for the mass-transfer coefficient for a
single pore via turbulent penetration:

K,p=02fU, Re; %1 (26)

The turbulent penetration mechanism described
above in general will operate alternately with
ordinary diffusion through the pores due to the
random nature of eddy penetration. However, it will
be assumed here that ordinary diffusion contributes
relatively little to the total mass transfer and thus
can be neglected. However, one cannot ignore the
mass-transfer resistance offered by the turbulent
boundary layer. The local Sherwood number for
turbulent boundary-layer flow is given by equation
(11). Again we can combine these mass-transfer
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resistances via either a complete mixing or no-mixing
model corresponding to Figs. 4(b) and (c), re-
spectively. We will combine these resistances via the
complete mixing model since the additional sophisti-
cation of the no-mixing model is unwarranted at this
point. Furthermore, since the pore resistance is
predominant relative to the resistance of the turbu-
lent boundary layer, there should be relatively little
difference between the predictions of the complete
and no-mixing models.

The Sherwood number corresponding to the
average mass-transfer coefficient for turbulent penet-
ration in the pores is then given by

Shyp = 0.2225c(Re,)*Of (N 4,/4,),  (27)

penetration was obtained from equation (29) using
the experimentally determined overall Sherwood
number and Sh, from equation (28). The penetration
factor f was then determined from equation (27). The
penetration factors for these plates were determined
at a Reynolds number of 40000 since one would
expect penetration factors of similar magnitude at a
given Reynolds number for these plates if the
turbulent penetration model is viable. In all cases the
Schmidt number was assumed to be 0.65, the average
value for all the tests.

As shown in Table 3, at a Reynolds number of
40000 the penetration factors for plate assemblies 4,
8,9, and 12 are 0.67, 0.71, 0.88, and 1.07, respectively.
The latter penetration factor is not significantly

Table 3. Determination of penetration factors for Re; = 40000

Plate assembly No. — 4 8 9 12
Pore diameter, d 394 um 376 pum 1090 pm 1180 um
Porosity, 100NA,/A, 3.62 1.08 0.58 0.69
Sherwood No., Sh, 370 14.0 9.6 13.5
Shy, 154 154 154 154
Shyp 48.7 154 10.2 14.8
f 0.67 0.71 0.88 1.07

where N is the number of pores, 4, is the area of a
single pore, and A, is the total area of the plate. The
Sherwood number corresponding to the average
mass-transfer coefficient for turbulent boundary-
layer flow is given by

Sh, = 0.037(Sc)" (Rey )°-. (28)

The overall Sherwood number for the turbulent
enhancement mechanism based on the complete
interference model is then

ﬁE = gﬁTPfﬁL/(S‘hTP +Shy,). (29)

The turbulent penetration model is consistent with
the observed effect of the pore geometry on the
enhancement. This can be seen by comparing the
ratio of the Sherwood number for turbulent penet-
ration to that corresponding to ordinary diffusion in
the pores, which is related to the pore resistance
defined by equation (6):

Shyp  0.222(t+nd/8)Sc(Re,)*°f(NA,/A)

SH, NL

(30)

The above implies that the degree of enhancement
will increase both with pore length ¢ and pore
diameter d; recall here that both A4, and f are
proportional to the pore diameter as well.

In order to test the validity of the penetration
model to explain the mass transfer mechanism in the
enhancement region and to analyze data in that
region, the experimental results for plate assemblies
4, 8, 9, and 12 were analyzed in the following
manner. The Sherwood number for the turbulent

different from unity in view of the experimental
accuracy of +20% for the measured overall Sher-
wood numbers. Thus, these estimates of the penet-
ration factors indicate that the proposed eddy
penetration model is reasonable. In addition, qualit-
ative observations by Professor Wiganski at Tel Aviv

.University [47] have confirmed the existence of eddy

penetration. As a final argument in support of the
turbulence penetration hypothesis proposed here, it
should be noted that the measured microscale of the
turbulence was 914 pm ; the effects of the penetration
mechanism were not observed with pores of diameter
considerably smaller than this value as can be seen
from Fig. 5. However, since the typical microscale of
atmospheric turbulence is considerably larger than
the characteristic dimensions of stomata, it is
doubtful that the penetration mechanism is operative
in real plant leaves.

CONCLUSIONS AND RECOMMENDATIONS

1. Analytical models were developed to predict the
transpiration through perforated plates simulating
the stomata of dicotyledon leaves under various flow
conditions. The rate of mass transfer predicted by
means of the analysis agreed with experimental data
obtained in an ecological wind tunnel in laminar
boundary-layer flow over the plates to within +20%,
over a range of pore diameters between 7.62 and
1170 pm and pore lengths between 50.8 and 4060 um.

2. For rectangular shaped plates ranging from
0.0508-0.203m in length and length to diameter
ratios between 0.4 and 2.5, transition from laminar
to turbulent flow occurs in the boundary layer at
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Reynolds numbers based on the length of the plate of
about 1.5x10%; this transition is independent of
transpiration.

3. In the turbulent flow regime the experimentally
observed transpiration rates were considerably
higher than those predicted by the analytical model
based upon diffusion theory within the pores and
turbulent boundary layer outside the pores when the
pore diameter is larger than the microscale of the
turbulence in the boundary layer. This increase in
transpiration rates in the turbulent flow regime was
explained by means of an eddy penetration model. =

4. Positive angles of inclination to the wind (i.e.
leading edge of plate tilted down) yielded smaller
transpiration rates from the upper surface than were
observed for horizontal plates whereas negative
angles of inclination yielded larger transpiration
rates than those observed for horizontal plates.

5. The penetration model used to explain the
enhanced transpiration rate at high Reynolds num-
bers should be investigated in more detail and the
turbulence spectrum of the penetrating eddies should
be measured.

6. The analytical model should be modified to
account for the internal pore structure of living
plants and calculations based on the actual shape of
the internal pores should be compared with transpi-
ration rates from living plants and ecosystems under
controlled environmental conditions in order to
predict the effectiveness of chemical antitranspirants
of the stomata-closing types.
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ETUDE DE LA TRANSPIRATION DE PLAQUES PLANES
POREUSES SIMULANT DES FEUILLES DE PLANTES

Résume—L’article présente des modéles analytiques pour prédire la transpiration a travers des plaques

perforées qui simulent les stomates de feuilles de dicotylédon pour des conditions d’écoulement variées et

il compare les calculs avec des résultats expérimentaux. L’analyse est basée sur des concepts

fondamentaux de la théorie de couche limite et du transfert convectif de chaleur et de masse. Les

expériences sont conduites dans une soufflerie écologique avec des plaques perforées de géométrie

correspondant a de larges feuilles. Des anomalies imprévues dans les résultats sont expliquées a I'aide
d’une théorie de pénétration turbulente.

EINE UNTERSUCHUNG DER TRANSPIRATION VON POROSEN,
EBENEN PLATTEN ZUR SIMULATION VON PFLANZENBLATTERN

Zusammenfassung—Dieser Artikel gibt analytische Modelle zur Voraussage der Transpiration durch

perforierte Blitter wieder. Die Poren von Blattkeimer-Blattern werden unter verschiedenen Strémungs-

bedingungen simuliert und die analytischen Voraussagen mit experimentellen Ergebnissen verglichen.

Die Berechnung basiert auf fundamentalen Vorstellungen der Grenzschichttheorie und des Wérme- und

Stoffiibergangs. Die Versuche wurden in einem 6kologischen Windkanal mit perforierten Platten, die der

Porengeometrie breiter Blatter dhnlich sind, durchgefithrt. Einige unerwartete Anomalien in den
Ergebnissen werden mit Hilfe einer turbulenten Penetrationstheorie erklirt.

HUCCJIEOJOBAHUE UCNAPEHHUA U3 TUVIOCKUX TIOPUCTBIX MJACTUH,
MOJEJIMPYIOIIMX JIUCTbSA PACTEHUN

Annotaums — B craThe paccMaTpHBaIOTCH aHAJHTHYECKHE MOJE/TH, OMHCHIBAIOIUHE TPAHCIHPALMIO
yepes neppOpPUPOBaHHBIE MIACTHHBI, MOJCTHPYIOLINE JIMCThS ABYIOJbHBIX PACTEHWH C YCTbHUAMH
NpH Pa3iH4HBIX YCJ0BHAX obTekanus. [1poBOAMTCA CpaBHEHHE TEOPETHHECKHX PE3y/JbTATOB C JKCNe-
PHMEHTAIbHBIMH JaHHBIMH. AHa/IN3 OCHOBBIBAETCS HA (DYHIAMEHTA/IbHBIX NMOHATHAX TEOPHM NoOrpa-
HHYHOTO CJIOS M KOHBEKTHBHOIO TEIJIO- H MaccooOMeHa. DKCMEPHMEHTHI MPOBOAMINCH B JKOJIOTH-
4eckoit a’poAMHAMHYECKO# TpyOe ¢ maacTHHAMHM, nNeppOPHPOBAHHBLIMM B BHIE YCTbHI LIHPOKHX

JIHICTHEB.

Psn  HenpenBUAEHHBLIX aHOMa M B pe3yabTaTax OOBACHEH C MOMOLUIBIO

TEOPHH

TypOY/€HTHOTO NMPOHUKHOBEHHS.



