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f@." The ma1n purpose of thrs-study‘Was to develop practlcal e

heat pulse veloclty (HPV) theory and techn1qués to measure

< .

xylem sapflow (transp1rat1on) of forest treeS\wlthout resort

to emp1r1ca1 cal1brat1on or coeff1c1ents. It was determinediéf
that idealized heat transfer theory,
: O

/ of a heat pulse as propagated thrOugh sapwood by condlctron

descr1b1ng the veloc1ty

. through the, wood and sap substgnce and convectlon by mov1ng

5 -

sap streams, cév not be dxrecély 8p€118d to measurement of .

. P

sap, flux 1nrcon§ferous or d1ffuse pd

1

rous woods because 1é'doesv

not account for the effect of nonconY ctlng wood (wound— W)

1n the plane of the 1mp1anted probes hat necessar1ly results

from the 1nterrupt10nvof flow element . Nor can’ 1t account //

for the effects of probe mater1als w1th thermal - propert1es; : B ) '

¢
erferent from - anlsotrop1c wood, or normal variation 1n wood : . .

~

/
. thermal propertLes that exists at. bark/sapwqod and sapwood]heart-

wood borders.p,f

' o »
i o
The part1a1 d1fferentxal equat1on for heat transfer by '

fcoupled conduct1on and cohvect1on was solved numer1cally for .

v

specific stem txssue and heat pulse probe 1mp1ant sltuatrons.

A finite difference numerical model of a section oftsapwood

in the tangent1a1 long1tud1na1 plane was used to simulate the :

effect of WOunded material from 0.04 to O 52 cm wzde in the z

b plane of sensors. S1gn1f1cant depart\re\from the 1deal1zed

case occured at 0.04 cm and calculated values of HPV were ‘approxi-

AT,

mately 502 of those 1mposed on the model at the 0.16 cm. width

R

'ﬂof‘practically—sized heat pulse probes. A second model in

RS

L)
Sy
(2=
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. : . :
‘.the radlal long1tud1nal plane was’ ased to simulate the effects

of bark/sapwood and sapwood/heartwood in radlal cross sections
l,‘. ¥

of stems w1th sapwoods of 1, 2 and 3 cm w1de. Th e s1mulat10ns.

1nd1cated that both symmetr1ca11y and’ asymmetrlcally spaced ok

two &fnsor measurement and analys1s nechn1ques were usable

Rl

at p031t1ons in the sapwood greater than 0. 5 cm from the ‘bark/

i
' ‘

sapwood border and greater than 1 cm from the sapwood/heartwood

border:' E f e A = _ e
| S e N v )
Experlmental results verlfLed that wound 1n,the plane
. . B |
v d-
_of 1mp1anted probes was the major source of departure of brﬁctxce

.

"from 1deal1zed theory. In a P1nus radlata, calculated transpi-

ratlon %rom 1dea11zed theory was 49% of actual (by lyslmetery),ﬁ

% .
. but 1032 of actual with the numer1cally derived equat1on for

a wound w1dth of 0.20 cm. 1In a d1ffuse poro od (Notho-

“ gg golandri var CllffOtthldes), calculated t ansplratlon

from idealized theory was 262 of actual (b§ cqvette) but 110%

/

of actual with the numerically derived equat1on at the measured

-

wound width of 0.48 cm. 'Similiar results wereoobtained in

Pinus-halepensls, Plcea glauca, Populus tremuloides and Betula
papyrifera. |

‘ Heat pulse;veloclties determined within llcm,of the sapwood
heartwood border ere‘qndereetlmates on the sapwood side, over-

estimates on chEﬁEartwood_side. Rod-shaped high thé‘hél conduct—
a

’
-

ivity sensors tend to integrate HPV ‘across the sapwood/heartwood

border and over a greater area of xylem than bead~shaped sensors.

AP L e e g T T el i e e it e ek
A e e T e e T e T e e = "



: a standard error .of estlmate o§ 16%. ‘

»
S e . . S
. . ' : B
v : 4 o

Wood moisture content may be dynamlcally and nondestruct-v

[

1ve1y determ1ned from 10ng1tud1nal thermal d1ffus1v1ty measure~

ments and baslc wood denslty. A limited test of the feas1b111ty

Y

and accuracy of such determinatlons 1nd1cated that calculated
and actual mo1sture contents ove? the range 12 to 1502 oven

dry we1ght bas1s, were closely correlated, R2 = 0,81, with

g

, The numerical and,experimental results'indicate that so-

I

lutLons to the heat transport éﬁuatlon, specific'to heat pulse .

~ e

probes and stem cross ‘section, are necessary to achleve accurate

— N

results with the 1mplanted line source heat pulse method.

Solutlons are gﬁyen for two, 0 16 cm dlameter glass or brass

.

sensors, spaced l'cm up and downstream from a similiar diameter

u »

brass heater. These'holutions)are adequate for measur1ng heat

3

pulse velocities in most coniferous
\

nd diffuse porous. hardwood

than 1 to 1.5 cm.

~—~—.

7
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A Area, cm2 \
Ann  Area associated with a sensor at depth onn, cm?
BP Pre-dawn xylem pfessure po@ential, MPa I
_B/s - Bark/éapwood interface .
c . Specific hgaf, cal g—l 60‘} : ’
; ) Cdw Specific heat of dry wood o ~
Cgw Specific heat of grgen‘wéod : ’
Cs Specific.Be&t,ofigapf(ﬁéters é
cwA - ‘Cpunterweight hdded'tq spruceylysimeters{ g é
h Thermal diffusiyity, cm? g1 ’ %
’ D1 ‘ Thermal diffusi;ity in the lonéitudinal direction f
D" Thermal.diffusivity in the radial direction .. / f
pt Therqgl diffusivity in ‘the tangential direction_ ‘ | ;e ?
Ddw Thermal diffusivity of oven dfy wood et 5
Dwa Thermal diffusivity of water i
i
HPV Heat pulse velqcity,.cm h.--1 %
HPVA - HPV measured w%fh-two asymmetricaily spaced sensors, %
' temperatures tﬁkgn‘at fixed time intervalg. ‘%
HPVC HPV corrected in accordance with simulation results o
HPVI HPV impézed on nume£ica} models . '
HPVM HPY‘measured with single sensor; temperatures
taken at fixed time intervals
HPVP HPV measured with single sensor at time of maximum
temperature rise, tp .
HPVS " HPV méasuréd with two symmetrically épqced sensors,
X temperatures taken at fixed time. intervals
HPVT_ HPV measured with two asymmetrically 8paced Benaors\
at time of null temperature difference, tz >




Mdw’

Mgw

Pb
Ps
PDE

S/H
SWT

Td
Tu ,

'Temperature,'oc

Thermal conductivity, cal s~1 em~! O¢~!

Thermal conduct1v1ty in the longxtudlnal/dxtecglon

~Therﬁal conductivity in the radial d1rectxon

Thermal conductivity in the tangential d1rect19n
Thermal conductivity of dry wood
Thermal canductivity of green wood

8 L
Thermal conductivity of water . -

ThicRness of nonconvective layer, cm

Light intensity in environmental chamber (ﬁhAR), Wm?

-
Moisture confent fraction dry wexght i.e., grams
of water per grams of dry material
Moisture content of dry wood

Moisture content of green wood

Density of a substance, g em™3
Basic density of wood, (oven dry weighf)/(green volume)
Density of sap (water) ’ o - '
Partial differential equation

Stbmatal"resistance, 8 cm—l

Quantity of heat liberated, cal em 3 g1

LN
)

Numérical simulation model of 2—d1menslonal section

" of stem 1y1ng in the radial- longltudlnal plane

§
Sapwogl/heartwood interface

Sapwood thickness, i.e., B/S to:S/H, cm

Temperatuge measured at downstream sensor

Temperature measured at upstream sensor
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" Lower caseusymbois

o e -

TLM

N

R

TR(nn)

TR(nnP)

Tﬁ(WL)

Va

Xd

Xu
Xprp

YA

v tw—————

Numerical simulation model of 2-dimensional section * ’ -

Transp1rat10n

_of sapwood 1y1ng in the tangential- long1tud1nal plane

.

- Trapiration calculated from heat pulse velocities

at wound

' Transplratlon calculated from heat pulse%veloc1t1es

‘nat wound

. sensor tips with respect to the .S/HM-interface ' .

width an, (nn in mm)

nn,/plus a carrection for pos1t10n of. the . a

Transplratlon as indicated by weight loss’

Volume of hi;'inﬂwood‘(void volume)

Volume of water in green wood, fraction green volume

Wound width,

Dlstance
Dlstanpe
tream

Distance

Xylem pressure potentlal

Distance

Distance

dbh
dib
dob
dwb

_exp

Depth of

Diameter,

Diameter

Didmeter

Dry weight basis, g g

The exponential function, e

«

r

. L

- - ~

cm ' : -

from origin to a point on the "x" ax1s, cm

-

from heater at the Q{{gln to a sensor downs—
t
fromi heater at the ori 1n to’ a sensor upstream B

Scholander bomb, MPa

]
.

from origin to a point on the "y" axis. ‘em
g p y ’

from origin to a point on the "z" axis, cm

.

sensor tip measured from B/S interface

outside bark, at breast height (1.4 m),

inside bark, cm

outside bark,
-1

cm
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tp .3 Tlme of maxlmum temperature rlse HPVP solutlon

tze : T1me of null temperature dlfferenee, HPVT solut1on

“

. _ u ) S'apf -speed, cm 'a‘-"L -

-

Hi celfaneous . - o

y = v ¢

F(X,Y) Functiona}l ﬁbtatioh: F is
X and Y, e.g. Mgv(D?,Pb)

1

a function of the variables
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. CHAPTER I
INTRODUCTION .

Trdnspiration

T;anspiration is an evaporative process at the Surfaces
of a plant whereby water is lost from the soil via a plant's
water conductlng system (Slatyer 1967 Sa11sbury and Ross 1978)
In forests, transpiration averages 60% of the annual am0unt of
wate; lost by evapotransp1rat10n (Baumgartner 1967).. The amount
of water .transpired can, in some 1nglances, exceed the annual

precipitation (Larcher 1975). From a hydrologist's point of
vie&,'transpifationvés lossr;rom~a watefshed, reducing streamflow
(Colmén 19535. |

Most of the water of tragépiration escapes to the surround-
ing air via stomatal openings: but some loss occurs tﬁrough the
cut1c1e of leaves and bark and through 1ent1c118 1n the bark
of some plants (Crafts 1968, Z1mmerman and Brown 1971, Kramer
and Kozlowsk} }979). The "openness" of the stomata controls
b&th the inward flow of carbon'dioxide used in photosynthesis’

and the outward flow of water vapor. Thus, measures of transpira-

tion‘provide the plant phjsiol&gist some Basis for quantlfylng

v carbon dioxide uptake (Brix 1962, Larcher 1975, Sallsbury and

Ross 1978) and the hydrolog1st with an estimate of the water

'Lost from potential streamflow (Colman 1953, Baumgértner 1967).

Methods of measu:iEgAE;anspiration
v v

Trangpiration occurs as a. continuum from so11 to plant to.

0

atmosphere (Phllllp 1966) and it may be measuted (estlmated) .’Wﬁ;f

as m01sture loss from the soil, liquid flow through the plant

o A

i
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Or vapour loss to the surrounding atﬁoséhere. The five most common-
ly used @gthpds are (Kramér:and Kozlowski l979)°
1) Lysimetry, that is the we1ght loss through time from
a plant grow1ng in a water tight container (e. g-. Frit- .
. o ~schen,’ Hgla,and'Doraiswamy 1977).
| 2) Cut shoot;or!quick weigh, that is the weight loss from

~

an exc18ed twng or branch over a short time 1nterva1
(e.g. Rutter 196@).

3 Fbtbmetry, thét';sithe voluﬁeffic-uptake by an excised
shoo;, branch or a whoie Erég (e.g. Lédefoged 1960,
Roberts 1977).

4) Va§0urgloss into a‘plastic_containerafrom either a : :
branch or an entire tree (e. é.r Decker, Gaylor and

Cole 1967; Greenwood ‘and Beresford 1979, 1980)

e bl et oh e g

5) Sap flow, that is the rate of upward movement of the
xylem sap ‘stream (e.g. Huber 1932; Dixon 1937; Ladefoged ]
<1933; Owston, Smith and Halverson 1972; Kline and others

1976; Luvall and Murphy 1'982).'

SN SN

Each method has its proponents and crltlcs. The fxrst four will

L

e

be dlscussed br1ef1y The last is the topic of thls study
The cut shoot and potometer methods are simple and relatively . 5
easy to apply but cause ObviOus phy%iologital problems if the

measurements are to be cont1nued over extendedrtxme. The.vapourd T

DERT 2N 2
tent method was severely ct1t1c1zed by Lee (1966) because of s

,_,,;,,, - g e -r.m-m_ - -

Lt the avtifxcal tfanspxratlon env1ronment and'the uncertatnty in
Lnterpretatmon of measurements from trees of d1ffer1ng 81ze or

form. The" 1ys1meCer metho& (van Bavel and Hyers 1962) 18 generally

K
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conceded to be the most accurate, but also the most expensive.
Lysimeters, potometers and vapour tents have been used as controls
for evaluating transplratlon data obtalned by other methods (Lade-

o

foged 1963; Decker and Skau 1964; Lassoie, Scott and Fritchen
1977). Interpretation and ph;s;olog1cal questions aside, the
above methods ofvestiméting tfanspirétion are of limited use
in,forests:because of the sheey physical size of trees and the
differing ﬁiérocliﬁates that exist in various regions of the

canopy (Leyton 1970).

Sap flow and'tr&nspiration

Techniques_baaed on the measurement of xylem sap flow appear
t& be the most promising approach to the difficulf-problem of
measuring'traﬁspiration from large t?ees (Leyton 1970). The
trénspi:ation stream has been described as a céteﬁa_(van den
Honert 1948), a chain where water from the s?il passes through
11v1ng root cells, xylem vessels or trecheads, 11v1ng leaf‘cells,
the intercellular spaces of the leaves, the stomatal openlngs
and into theeair la;e; arOund the leaves. In a woody,plant such

as a tree, most of the stem consists of xylem, the principal

water conducting tissue (Esau 1977). The stem of a tree, is

_Ehegéféﬁe, a place where the -water of ;ransplratlon is, concentra—-

L (4,,
ted. Near the ground is a physxcally convenLent place tg meqsu:é

s Q Ea o

thQ'flowhln it., - -

» . PN L - P -
- — . c s S

About 95 to 99% of the water taken up by pldants is eventual-
ly lost' dg transplratlon (Sallsbury and Ross 1978, Kramer and
Kozlowskl 1979). Therefbre, sap flow through any cross section

of .a stem below the live crown, and transpiration from the crown

a

n " 7 ay o
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are approximatéiy equal in:magnitade if one aliows for phase
:hitt-caused by temporary4change in storage of water in plant
tissues (Kramer 1962, Swanson and Lee 1966, Doley 1967 Leyton .
1970, Swanson 1972, Warlng and Running 1978, Warlng and Roberts

1979). I will thus use the terms "transpiration" and "sap flow"

_ ‘ . @
as being fully equivalent throughout the remainder of this thesis.

Sap flow calculations

Xyiem sap movement occurs primarily through the lumen of

vessels in porous woods; in total through the lumen of tracheids

in nonporous woods (Zimmerman and Brown 1971). Sap flow (cm’ s—l)'

can be calculated from some measure of sap'speed (cm_ﬁ-IQ,times L. o

Sy ey bk - S

functioning. lumen area (cmz) or from sap flux (unit area sap 4

flow, c 3 cm“2 s_l) times. the xylem area (cm2) over ‘'which it Q

applies. Sap speed er\flux is.generally determided with some

trace daterial that is introduced into the sap stream. To determine
tsa;}biration, four things‘must be coreidered in dddition to
the speed or flux measurement: 1) the position or depth in the \
stem to which move;eﬁt takes place; 2) the order of magnitude
of_sap‘speeds that may be encountered' 3) the cross—sectionai

: area of the conductlng ;1;sﬁe that is Currently functlonlng,
and 4) how to 1ntroduce and detect _the trace mater;ala wrthout,
'd1sturb1ng normal flow patterns (Marahall 1958 Leyton 1970).
.Heat.has a:decided advantage over other trace mater1als" in
,that~1t can enter-and be detected in the sap. stream by thermal
conductlon through the wood structure without'causing disturbance"

to the normal flow patterns, Marshall (1958). The first three

are anatomical considerations which will be discussed briefly
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in the next section. A heat transport method is the subject of
this Study’and it will pe discussed in detail in the chapters

that follow.

Anatomical considerations in sap flow measurement

Stem structure

a cross section of a tree consists.  / s
A : , v >
. v .- g
xylem or wood in the center, with a thin

\ ‘In nontechnical terms,

. of-bark on the outside,
\ T

\growing area of vascular cambium between them (Fig. 1) (Esau

‘ i977, Kramer and'Kozlowski 1979). All of the cells of xylem, , 3
\ o

d with the exception of the longitudinal and radial parenchyma,

'an&_those
A

'are\dead (Stewart 1966). Thus xylem sap flow occurs through dead ' ‘ %

still differentiating within ‘about 1 mm of the cambium, -

cells. B

A% new increment;vof xylem are formed at the cambium, meta- / o

i bolic Qaste products, that are toxic or ﬂhhibitory to live cells,

are tramslocated toward the center of the tree where they accumu-

late to discolour the wood and cause the death of parenchyma

cells to form heartwood (Stewart 1966). (There are dissenters

to this congept of heartwood formation, e.g. Bamber 1976.) The

it N e A e e R N e Y e o
7 qfkgﬁﬁ{";{-{ AR

iad

portion of xylem, which lies between the cambium and the heartwood,

oy AR

which contains tracheary.elements and living parenchyma cells

is called sapwood (Fig. 1) (Panshin and de ‘Zeeuw 1970, Esau 1979).

Sap flow does no§ occur in the heartwood (Whitehead and Jarvis

1981). Neither ddes sap flow occur in the transition zone (var-

iopsly called dry zone, intermediate zone) between sapwood and
e C ’ p '

heartwood in Pinus radiata D. Don (Booker and Kinninmonth 1977)

\
v
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Figure 1. Idealized stem cross section illustrating the tissues
of importance in xylem 'sap flow measurement.
v
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" even though i1§1ng parenchyn;.tells ate metabolxsally actlve
- in thlS zone (Whltehead and Jarv1s 1981)
Not all trees form heartw00d e.g. Alnus spp., Betula spp.
(Stewart 1966 Pansh1n and de Zeuuw 1970) Where it is formed

S
the presence of heartwood de11m1ts the p0331b1e extent of sap

conductlng xylem5 ivey - it ‘must be ‘contained W1th1n the sapwood

i

W1th1n the sapwood the anatomlcal features ‘of- 1mportance 1n

measur1ng sap flow are, 1) the type of- tracheary elements, 2):
the d1ameter of 1nd1v1dual tracheary elemehts, 3) th€'8p8t181
dlstrlbutlon of funct1on1ng tracheary elements within a given

growth nang, and 4) the total number of-

a

currently functlon1ng tracheary elements."f"';"f[

‘-

Nonporous woods

In nonporous woods (hoftWoods; conifers) the tracheary
elements are trachelds which form the bulk of the xylem-tissue
(Esau 1977). They range from 15 to 8Q mlcrometers in dismeter
(Panshin and de Zeuuw 1970) with peak sap speeds ranglng from
75 to 200 cm h™ (Hlnckley, Lassoie- and _Running 1978). Tracheids
formed in the spring (earlywood) are larger than'those formed
in the summer (latewood) (Kramer end Kozlowski.1979); Only the
earlywood tracheids conduct sap (Whitehead and Jatvie‘l981).
Therefore, coniferous’sapwood may contain concentric bands of
non-sap conducting latewood which oecupy up to one-half the width
of a growth ring (based oq saturated longitudinal permeablllty

o

measurements and variation in intraring density, see Cown and

Parker 1978, Booker and Swansen 1979).

growth<x1ngs contabn1ngw‘«»-

U TN
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-‘mlcrometers dlameter) are much larger than, thosa formed later
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" Porous woods
In porous woods (hardwoods, angiosperms),. the tracheary ele-
ments include specialized conducting elements called vessels

whlch in cross sections appear as pores in the wood (Esau 1977,

Kramer and Kozlowsk1 1979) Vessels range from 20 to- 800 micrometers

in diameter (K#}mer and Kozlowskl 1979). In ring porous species

(e g Ulmus, Qgercus) ‘the vessels formed in the spring (200—35Q

S

(Brown, Panshin and Forsaith 1949), and sap movement is confined

<

to the outer 1 or 2 growth rings'(Kozlowski and Winget 1963).

?:Peak sap speeds ‘in ring: porous woods range from 1550 to 6000

PN

“cm h™ (Hlnckley, La3301e and Runnlng 1978) In dxffuse porous

>

-“fapegies;(e.g;,.Populps, Betula), the size of the vessels is fairly

uniform (60-120 micrometers diameter), they are»distributed’eveniy

tnroughout each growth ring (Brown, Panshin and Forsaith 1949), and

sap movement can occur through many rings (Kozlowski and Winget 1963),

Peak sap‘speeds in diffuse porous woods range from 120 to 625 cm hvl"
. *S :

(Hinckley, Lassoie and Running 1978). The variation in'vessel o

o
size within a ring follows approxlmately the same pattern that

Cown and Parker (1978) show for intra-ring density in ring and

diffuse porous woods. The wood of some species (e.g. Juglans SPp- s

Diospyros virginiana L.), have vessel arrangements and sap speeds

.intermediate to ring or diffuse porous trees. These are termed
v

semi—ring.or‘semi—diffuse porous (Panshin and de Zeuuw 1970).

Location of flow in the sapwood

A81de from the general assertion that sap moves w1th1n the

?+sapwood the_agtuataarea of-the sapwood throogh_wnich‘flow ocpurs

[
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in any given instance, is poorly known. The staining patterns

resultlng from the uﬁtake of varlous dyes, have been used to
indicate the currently-functlonlng conducting tissue (Vité 1959, o : S
Vité and Rudlnsky 1959). However Kozlowski and Wlnget (1964), | i ._i“ o
indicated that ﬁore rings‘were stained, when‘dye was taken up o
.ftom a;cut eeross the sapwood, than wheh dye was taken up by R &
_the roots. Thts casts some doubt on the use of dye techniques
to 1nd1cate ‘sap flow pathways. Zimmerman and Brown (1971)-suggest- X . %

that the emptying (cav1tat10n) of vessela or tracheids (of water)

Lew vy i - v

. 18 1rrevet31b1e and ‘that ounce emptled they,panhot be refilled B

.

to bec0me ‘a part of the conductlng system. However Warlng and

Runnlng (1978) con81der cavltetlon (at least in conlfers)

te

be reversxble so that the conductxng area may recede or expand

,“depending‘upon‘pIant'water status, If the cavitation of tracheary

elements is 1rrevers1b1e, then a measure of the volume of air ;
e . ) )

3 .

RO S

in any portion of~sapwqod may indicate its permeability (Puritch
1971), i.e., its capability to functionm in sap conduction. Proven

techniques to delineate the portion of sapwood that is functioning

< -

at any glven time.are lack1ng and thls i8 an area in need _of = |

further study.

.

Thermal-sapflow measurement methods

.General,flowmeterihg analogy

There are two ways to use tracers to measure fluid flows which
are useful analogies to thermometric methods.
1) By determining the speed of tracer transport from one point
to another (@strem 1964). Flow is:calculated from flow

geometry, cross sectional area and speed (Venard 1957).




woods.

2)"_By dedermiuingAthe concentration or rate of change
T~ omEpap i T . .
. 1n concentration at either the point of 1nJect;on'or

- some point'dOWnstream. The change, or rate of change,

1n concentrat;on is.an 1nd1cator of“mass flux (Churchh

@ . s L

and Kellerhals 1970)

3 -

Heat has been used as a "trace materlal" in sap flaw- experaments

'1n ‘both ways, that is both as an indicator of sap speed (Huber

1932 Huber and Schmidt 1937) and as an 1nd1cator of flow density

or flux (Marshall 1958)., 1t is in c°nnect10n w1th the 8pp11ca—

.
- - A

tlon of these two dlffering measures that sapwood anatomy becomes,

-

‘important,

Huber method ‘ coeL T T . S
. . o ~ : : 1
 In the Huber (1932) method, the surface of a 4 mm diameter

stem was heated for 1 to- 5 8., The time from heat application

to the flrst 1nd1cat10n of temperature rise at 6 to 31 cm down—

stream (usually 6 cm) was noted. The distance between heater
and thermocouple was divided by this time to obtaln sap speed.

According to Huber (1932), thls technique is sultable fer sap

apeeda.greeterzthan 60 cm h 1,_iJe.- ft‘is'fgllj applicable in

-ringvborouéerods,'nhd marginally'eppligable,in~diffuse porous

N

.Huber and Schmidt (1937)lrecqgnized thet heat conduction.
through the wond substanee intetfeted with the heat pulse carried
by tﬁe 8ap stream at low ‘sap speeds. They Proposed a sensing
configuration in which one temperature sensor was pldced 2 cm
dowﬁstrea@, a second 1.6 em upstream, to compeneate fet therﬁal

»

conduction. The time of peak warming of the upstream temperature

3

B
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sensor compared to the one downstream, was used. to arrive at

-
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4

a convective velocity, free of thermal conduct1on 1nterference, [P

and equivalent to that obtalned wlth the one sensor methbd “ﬁ oo
F

They state that thls method/is usable in conlfer or diffuse por0us.

woods to zero sap speed w1th an accuracy of + S cm h {@ o

— e

Marshall method -

In the Marshall (1Q58)'mechoo, the heater and teoperature
sensor are:implanted 1.5 cm apart into the sapwood. The heater .‘ ‘_é‘f
"is ‘activated for 1 to;£ s and -the cete>of-temperature‘rfsé';hfboggt
time is noted at'l minute intervals for 3 to 7 minutes. Vﬁeec

pulse velocity (HPV), which is defined as the weighted average : 'z

N PP

speed of the moving sap and the 'nonmoving wood moving together; ¢ P
is determined from an analytical solution to the thermal diffusion '
equation for heat transéer by coupled convection (sep movement )
and conduction. The HPV value.ie'avereged‘over a 1.5 to 2.0

cm diameter area centerea on theﬂtempecature sensor (Mershali

1958). An ébsumptioq of homogeneity of fiowlthrouéhoet this area

is 1mp11c1t to the use of the analytical eoiut1on. Thus ‘the heat o .

.

pulse velocxty method of Marshall (1958) 18 appllcable only 1n

woods where there is a reasonably unlform spatial distribution of

g

functioning tracheaty,elements‘dver'a»sapwood‘width of 1.5 cm or more.

Differences between the Huber and Marshall methods 4\{

A significant difference between the Huber approach (Huber

1932, Huber and Schmidt 1937) and that of Marshall (1958),

‘\

the measure of veloc1ty that is ~obtained. Because Huber 8 approach
involves only the time of travel of the pulse of heat, the velocity:

obtained is closely related to actual sap speed. The Marshall - . .




‘several "heat pulse veloc1ty" methods and the term

- velocity"

approach considers both the time of travel and the magnitude

'of;the pulse. Slﬁte heat is lost from the sap whlle it movas

through the stationary wood the heat.pulse is both delayed and
} 5 w»
Teduced in magn1tude at the poxnt of measurement, either up or

downstream. (The effect of this time delay is present in Huber's

approach too so that it does not yield true sap speed. The problem
' ¥

that I hsve outllned here, is not the only d1fference between

4

the Huber and Marshall methods ) Accordlng to Helne and Farr

o . .

(1973), the velocities obtained by these two approaches differ

-

on the average by a factor ofl20; that is, Huber's method yields

‘a counvection velocity that is 20 times larger than Marshall's

heat pulse velocity.

- -

With either the Huber or Marshall methods, sap speed or \

heat pulse veloc1ty are only part1sl components of tota] sap
d

- 9'.‘ R “ -

e

Flow. To obtsln sap flow, sdp speed must ‘be 1ntegrared over,

-

functional lumen area or heat pulse velocity must be, combined
nith_sapqood d?ﬂ?iFY~49d“§Pe°ifiF heat (whieh_sgejfunctigns of
sapgoodemoistu?etcontent)i"anovintegrsted over- the furictional
sapwood area. |

. Many researchers, myself 1ncluded have not folly aoprec1sted
the fundamentally different spproaches of Huber and Msrshall

A basic problem has been m1s1nterpretation of the values measured

i.e., sap speed is not heat pulse velocity. The literature containg

"heat pulse
has not retained the precise meaning that Marshall
(1958) stated, i.e., "the statiOnary-wood and the moving sap

. . T S
act like a single medium moving at a speed defined by v."  For )

-
’

12
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' to operate on that data.

Kramer 1969, Kramer and Kozlowski 1979)
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example (see Table 5 in Hinckley, Lassoie and Runningfl928),
heat pulse velocity may refer to peak sap speed, average sap
speed, some unknown index to sap speed or to an average of con-

ducted plus convected heat pulse speed depending upon tthe technique

used to obtain the temperature data and the equation(s) used

In addition, other types of thermometfic
methods, neithaer based solely on sap speed nor on heat flux but
congidered by othersg as~eqeiva1eﬁt to the heat pulse ﬁethod (e.g.
s heve been published,
Confusion in the thermometric flow literature

There is a confusing body of literature containing aecognte

of attempts to use some form of thermal technique to study sap

movement. These fit into three broad gategorles.w

B -

woe e ATY Those uslng the sap speed approach of Huber and cohorts
| (Huber 1932‘ Huber and Schmldt 1936,1937; Dixon 1957 A
Bloodworﬁh Page and Cowley 1955, Ladefoged 1960 McNabb
and Hart $962).
‘2)

A Those using (and in some instances m15u81ng) ‘some form .
‘ of Marshall's (1958) heat pulse veloc1ty (heat flux)

analygls (this technique will be covered in much greater
: : s J

‘detail in the next ihap?f') (Closs 1958; Swansodn 1962;

Doley and Greive 1966; Wendt, Runkles and Hass 1967;

Morikawa 1977; Stome and Shirazi 1975; Balek and Pe&lik

Py

1977; Miller, Vavrina and Christensen 1980;. Cohen,

Fuchs and Green 198]),
3) Miscellaneous thermal budgeting and exotic heating

teceniquee (Vieweg and Ziegler 1960; Daum 1967; Leyton

13°

T e e e e
,ﬂl"'./:".vi;'};3;11‘:9.;4}1‘urq';.‘o15)lm 2ol e A .
. L. )

» : &wﬁ‘.;:'&;&.»&x“.\:.‘;;&»
T g
o

put
&

LR




°

‘; - “  1967 Ittner '1968; Redshaw and Meidner 1970' Pickard
R and 1 Puccia 1972; Cermak, Deml and Penka '1973; Pickard
1973; Sakuratanl 1982)

t Several of the technlques in the c1tat1ens above should
be explo1tab1e for sap fiow measurements Marshall 8 (1958)
1mplanted line heater method has been widely used' it is the
81mp1est and perhaps the only technlque appllcable in wide sap-
wooded conlferous or dlffzee porous trees, which approxlmate
the thermally homoéeneoes conditions stated. by him. Daum's (1967)
' gthermal budget of an entire stem,aﬁd therapplied-heat budget
~described by Cermak and others (1973) are two methods that. appear
partrcglarly prom131ng tor use in r1ng porous trees. Sakurtan1 4

(1982) used an approach similiar to Daum (1967), and Cermak and

\,others (1973), to determlne sap flow ‘in r1ce and soybean stems.

-'
1

The temperature ratid ‘methods’ of Leyton (1967) and Ittner (1968)

'offer the posgibility of continuous recording after.being,cali—
brated for a particular situation. = And certainly the "first
onset" technique (H?per 1932, Huber and Schmidt 1936) and the
compensatlons methoa”“kﬂuber and Schmidt 1937) may be emp1r1ca11y
calxbrated for apec1f1c 1natances to provide useful measures

- of water mqvement.

_ Thesis objectives

In spite of the 'amount of wé?k done using thermal methods
. Q. .
for estlmat1ng sap flow, no method has been successfully app11ed
-]

in d1rect, quant1tat1ve calculat1ons of transpiration against ;
1'measured controls. The number of reported attempts are few (Doley
-and Grexve 1966' Cohen, Fuchs and Green 1981, Swanson 1974&)

\ f



S VI

" and in these instances, the calculated quantities were in.the ~ "

range 0.45 to 0.65 of that‘actually measuxed.. ihefé appears

-~ to be no
[N

" not work.

D e . - ~ ® e e i 5 .
+ . - . . o,

theoretical reason why heat transbo}t“nethods{shsuld,

- . s

It is likely*that some of the theoretical conditions

are not being met in practice. My principal concern remains

”»

'to 1nvest1gate transplration in large trees w1thout recourse

. to empirlcal coeff1c1ents or calibratlons. The most advanced

and prom151ng theory for this appllcation is that of Marshall

(1958).

My obJective in this study was to examine the 1mplanted

'pointisensQr,ﬁlxne heat source, heat pulse velocity method as

described by-Marshall (1958), in- 1ts app11cat1on to the measurement’

L3

of sap flow in the sapwood of conifer and diffuse porOus trees,

My goals
1)

2)

v". 3)

were:

To»condnct»a thedretical analysis of the physical.heat »
conduction and eonyection system tnat will account

for nornal thermal pr0perty discontinuities that exist
in nonporous and diffuse porous woods and those caused
by the implanting of sensingfpnobes.

To'verify experimentally any nebifheSry oi instrumegt;

ation techniques that evolve from this analysis.
' T4
To propose practical 1nstrumentat1on and analyses tech-

_niques and. the conditxons under which they are valid

-

for measuring sap flow- in conlfers and diffuse porous

.- ._; ) . a 'L w
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ANALYTICAL HEAT PULSE VELOCITY THEORY
» s P ﬁ:‘&.‘ - - Fa ~ Fw s # L ..’ .. e
‘Desériptidn of" the phy31ca1 %robrem B

—

wThe phys;cal.problemﬁtqbbeweXamineQ is one of 3-dimensional

-heat flow in functional “sapwood with differing thermal conduct-

ivities in.the'longitudinal (;);'tangential (y) and radial -

v(z) gjreetioﬁs.;vA line heater lies along a radius (z axis

& .

a‘at X=Y=0) whxch is 1n3erted through the bark vascular;

s . e ?;.&, , pred IR, rrmg W Ry e Ve Y W

f”eamblum and into the sapwood. The heater may or may not pen-
MRS NS e

i .
etrate the heartwood. 'One*temperature sengor 1is installed

in a similiar manner a positive distance Xd downstream (above

- the heater) from the heater and in the x-z plane. A second

temperature sensor identicel to the first, ﬁay or may not be
installedAat Xu, a negative distance upstream (below the heater).
(Within this thesis, I will refer to the sensor(s) and heater
collectively as "probee", individually as sensor .or heater.)

A probe configuration designated (-0.5,0,1.0 cm) means a temper-

ature sensor at ~0.5 cm upstream, a heater at the origin, and

a second sensor 1.0 cm downstream. The probes occupy space

originally occupied by sapwood withinvwhieh sap moved thirough
tracheids or vessels, and their thermal propertiee differ from
those of bark, cambium, sapwood or heartwood.

Initially, the heater, temperature sensors, wood, camblum
and bark are all at the same (ambient) temperature. The heater

is activated for a short time period (1 to 4 8), raising its

temperature from 5 to 40 ?c. Heat is conducted in the longitud-

16
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-inaly tangentlal and radlal directions in accordance with thelr

.directional thermal conductivities Kl K and KT reSpectiVelyr

In addltlon, heat’ is carried (convected) downstream by sap
streams which'are-heated.during their passaée through the wood *
near the heater. The sep streams catry heat forward at a rate
faster than it ie conducted longitudinally and the ccnvected
heat wave, loses heat to the colder wood as it passes thrdugh

it.  The sap 8streams are 1nterrupted in the plane of the sensor-

. . . . . B o e
PR . B s, . - . ™ g

heater so that heat arrives at the sensor(s) by condectton
through the sapwood in the plane of the sensors and by conduction
_p%us convectipn,thrOugh the wood immediately adjacent on both
cides of the sensor—heatet plane. Either contlnuously or at
periodic 1ntervals, the temperature reglstered by the sensor(s)
is recorded. These temperature values are used to solve for

heat pulse velocity using one or more of the solutions given

a0 . below.

‘Idealized heat transport theory
¢

Partial differential equation (PDE) in 3-dimensions

In the idealized case, a linear heater and point’temperature
sensors without physical.size or mass are installed'tadially
into the xylem. Heat conduction in the longitudina}, tangential
Co »
and radial directions, plus convection in,the'icngitudinel‘

direction must be accounted for. With sap flow in the x-direct-

ion (longitudinal), .one may write for temperature (Marshall

- 1958, Carslaw and Jaeger 1959). ' .
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PC@1/9¢t) = k1(0%1/0x) + K5 (321/0y2) + K¥(3%1/922)

+ auPsCs(3dT/dx) + Q(x,Y,z,t) (1)
where T (°C) is temperature departure from amBient; t is time
(8) from initiation of heat pulse; u is sap speed (em s-l);

. P-4
a is the fraction of xylem cross sectional area occupied by

moving sap streams (cm2 cm-z)"Ps (g cm—3) and Cs (cal g_l.

1) are denslty and specific. heat of the sap (cpnsadered equ1-v.g~w~—-;

-1 oC ) are density

valeat to water); P (g cm ) and C (cal g
and specific heat of the combined wood-sap mixture; Kl, Kt
and K' are the Iongxtudlnal tangential and radial thermai

,conduct1v1t1es (cal s -1 cm -1 °c

) of the mixture; and Q is
internally generated heat (cal.cm > sy, .

Definition of heat pulse velocity

.Equationbl 18 the same form as conduction in a moving
medium with movement in the "x" direction (Jakob 1949). Tt
is from this equation that the rather peculiar deflnltlon for
HPV (Eq..2) arises (Marshall 1958) 1.e. "a welghted average
of the velocities of the sap and stationary wood substance."
One can extract sap velocity "u" ffom HPV if the fractiom "a"
and the”specifié heat and densigy of the combined wood-water
gixturé are knéwn. However,Laccordiﬁg to Marshall, sap flux
(Eq. iO, p. 23), £he "y portion of Equation 2, is more useful

than sap speed for most comparison purposes.

HPV = au(PsCs)/PC cm o ‘ - (2)
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Analytical solution to PDE,\ideélized case

Marshall's (1958) concern was with a two-d1men51onal Smellflcatlon

v & s
o <+
N el Lty

of the above three dlmeuslonal heat flow equation 1h the: longltudlnal

\

and’ tangentlal d1rect1ons. He con51dered uni form sap movement
and thermal ptoperties along the z~axis (stem radius) and showed

that when Q represents an 1nstantaneous héat pulse at X= Y=t 0 *

the heater and sensors are 1nf1n1te1y Small " the xylem 1nf1n1te1y

1‘.,,;...; ERETI

-uh-"\
PP n.u-a-«-«-cx-ﬂ @ b oy eges ‘0_.9‘“,_0.’

,'I{ laggeg thermally homdgereods and 1sotrop1c‘YK = it), and sap

streams are uniformly dlstrlbuted Equat1on i _may be solved

= (Q/4rﬁf)exp-3ﬁx - HPVt)z + Y?J/4Dt§ ° (3)

where diffusivity D = K/PC. _
. PR . Voo - i R I

Equations to extract HPV's from time—temperature data

Equatlon 3 may be manlpulated in several ways to exsract
HPV from the temperature variation with time at one or mote

points (X,Y) in the xylem. Reference‘to Figure 2 will helg\
. X M N \\ ’
to illustrate the following derivations.. ' \' -

Single sensor, fixed time, HPVM R \\
Marshall (1958) considered a single temperature seheor \

1’

t, and ty such that t3’-‘_ﬁ3t1 end t2 = 2tl (Fig. Za),‘and derived:

downstream from a heater, read at three successive times t

RS

HPVM = r[(tl'lan - t31nR )/t1 2 31n(R /R )]!’ cm ,s”l (.4)'

where r = (X2 + YZ)%

is the distance from heater to sensor
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Plots of tem

perature rise versus time for the various

solutions of Equation
rise at one sensor loc

3 with HPV = 5 cm/h.

(A) Temperature

ated 1 em downstream from the heater.

(0,1.0 ¢em).

(B) Temperatu

re rise at the downstream sensor

and at a second located ] cm upstream (-1.0,
Temperature rise at the downstream sensor an
located 0.5 cm upstream (-0.5,0,1.0 cm). (D
difference at 1 cm downstream, 0.5 cm upstre

0,1.0 cm). (c) - .
d at a second -

) Temperature

am. o
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(note that since. solutlons are. generally obta1ned at Y = 0

'temperature rlse above amblent at tlmes t

Tl IS -
“ . .

£ 0, = TIcl/T tz, R2 =T tz/T ey and 1] *r‘i__'aua"-'rg are’ 7
1 & and e Feapsce-
4ve1y‘

Siqgle sensbr; fixed time, thermal diffusivity, D

~-He also derlved Equatlon 5 for _thermal dlffu31v1ty (D)

where the symbois have - the same meanlng as . 1n,Equat10n 4. . .

e o

" pre ~6;‘§(Gb o tl), r /t n2t31n(R /R, 2.”"L’ P

Two. sensor symmetrical configuration, HPVS

5 '
Marshall (1958) suggestea hat Equatlon 6. m1ght be more.

appropriate than 4 for very slow sap movement:

W .

HPVS ‘="(D/r)'1n(Tc.i/Tu.)- cm }s'.lﬂ . L (6)

~

where Td/Tu is the ratio of downstream to upstream temperatures
at:. p01nts Xu, Xd, equ1d1stant upstream and downstream from
the heater (Flg. 2b). This equatlon 1s independent of the

time that .the temperature ratio is- measured but does require

‘some measure of D.

S{gglg;aensor, time of.peak temperature, HPVP

Marshall (1958) derived Equation 7, by aettkng the time
der1vat1ve of Equatlon 3 equal to zero, to obta1n a solution
in terms of the t1me of maximum temperature rise, tp (Fig.

2a). v

S .

€ e e v g
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HPVP = (£2 < 4Dtp)¥/tp cm PR T ¢ ) I

"-‘-.r PR
“ . - . L g -

Two sensor, asymmetr1c xtlme of null: temperature, HPVT - - - -

14
Swanson (1962) con51dered solutlons to EquatLon 3 at two

temperature sensors, one upstream a negatlve d1stance -Xu,
and tne other downstream; a'distance Xd, ftom'the-peeter tXu
+ kd # O,‘sap movement # 0). After a temperatureerise has
been registered at tne upstream sensor (Eig. 2¢ and éd), then
at .time. tz when Tu = fd: |

HPVT = (Xu + Xd)/2tz cm s_l " (8)

Equation 8 is partféulafily_we11~adapted to manual determinatians

as it requires only a sensitive null detector and a stop watch

to implement. The tz's are the only data that the observer

‘must note.

Closs (1958) also derived Equation 8 but from theoretical

analysis of a plane heat source in one dimension, demonstrating

that this solution is independent of heater geometry. The

1dent1ca1 worklng equation and the general similiarity of heat

transport solutxons (exponential form as in Eq. 3) apparently
confused Morikawa (1972) who used the plane heat source theory
to describe a line heat source application.

Two sensor, asymmetric, fixed times, HPVA

To obtain a solution more suited to digital recording

than manual reading, the two sensors of Swanson's (1962) config-
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.4-,'7«..-f*_~"‘"‘~‘t-~ SRR e B . - ’ -1 “ -,'A:.
HPVA = (Xuth.).(tllnSI 521032;),/2}1tzln(s.l/.s,?) R

= Td/Tu at time t.. .

and 52 2

where §) = Td/Tu at time t
Note that none of these formulations require determination
of actual temperature; only temperature ratio or difference.

This has important implications for instrumentation.

Auxiliary equations

Sab.flﬁx

For most purposes, the-qﬁantity of interest is sap flux

- -

i.e., the unit-area rate of sap flow. This is the "au" term
s
"of Equation 2. Marshall (1958) showed that: _
. _ _ 3 .,.2 -1
Sap Flux = au = Pb(Cdw + Mgw)HPV cm” cm * g (10)
where Pb is basic wood density (oven drvaeight)/(gteen volume),
Mgw is the mojisture fraction (wet weight - oven dry weight)/(oven

dry weight), and Cdw is the specific heat of dry wood which.

Dunlap (1912) showed to vary slightly with temperature as:

Cdw = 0.266 + 0.00116T cal g » %~} -

-

where T fs in °c.

IS
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~ e Théfmél conductivity'of wood s

i . . -

“.

The conductLV1ty of wood is related to 1ts -moisture CQntent"'

and ba31c den51ty (Slau 1971) Longitudinal conductlvity (K ),

cal s -1 ém_l OC_I, is given by Siau (1971) as:

k! - 0.0001(21.0 --20.0va) (12)

»

with fractiqﬁal void volume per.cm3 of wood (Va) defined as:

Va = 1.0 - Pb(0.667 + Mgw) i e ~ (13)

w

Tangentiél and radial conductivity (Kt,Kr) are approximate

equal and given by (siau 1971):

K" = k% = 0.0001-[12:2 - 11.3(v8)‘§] (14)

The literature contains few references to thermal conduct-

1V1ty of wood in living trees. According to Siau (1971), thermal

.

conductivity in the longltudlnal d1rect10n is about 2 to 2%

times greater than that in_ the tangentlai or radial dirgct;ons;

This is apparently true in cases where the wood moisturé content

is below fibre saturation point.  However others have found

! . - - . L3 » ' B y
that ‘;aduct1v1ty in all directions approaches that of water
as wood moxsture is increased above fibre saturation (Turrell

and others 1967 Herrlngton 1969; Steinhagen 1977). Turrell

. 222.

|/



and others (1967) calculated thermal conduétivity of wood at

B

a particular m018ture .content (Kgw) by summlng the" ﬁractlonal

conduct1v1t1es of water and dry wood in the approprlate direct-

ions (Eq. 15).

Kgw = VgwKwa + (1.0 - Vgw)Kdw ; (15)

Where Vgw = PbMgw i.e. mbis;ure content by volume, Kwa = thermal

conductivity of wgter (0.00144 cal s~} em ! oC—l), and Kdw =

-

thermal Conductivity of dry waood (cal s_lcm-lOC—l) in the desired

direction. If one uses Equatlons 12 and 14 for dry wood theé%al
conduct1v1ty (Va is then a function of Pb only when Mgw 0)

in the .appropriate’ dlrecttons, and Equation 15 to calculate

the thermal conductivity of the wood-water mixture, theh the
longitudinal and radial or tangential values da approach that

- of water at high moisture contents.

Thermal condurtivity K is related to thermal diffusivity

D as:
2
D = K/PC cmy 8 (1)

where P and C are densjty and specific heat, respectively.
P!Pﬁd_ﬂgiﬁtu..r.s.s.onsen,t_ from thermal diffusivity and basic
Tt i8 posaibhls to calenlare wood mojgture Coﬁrent, Mgw,

us{ng Fquation 17, fyam diffuaivity, Equation 5 and bacje dﬁnsiry

25



- (Pb), by comb1n1ng Equatlons 12 and 13 or 12 and 14 and the

deflnltlon for D, Equarlon 16 thh Equatlon 15

Mgw = (Kdw ~ 0.33PbDgw)/(Dgw - Kwa + Kdw) | (17)
@

The subscfipts dw, gw, wa refer to drywood, greenwood and water
respectively and Cdw is taken as 0.33. (Note théththe diffusivity
and Eo&ductivify of water are equal, i.e., DW¥ = Kwa.) The
Dgw is the thermal diffusivit& of moist wood at Pb calculated
from implanted sensors using Equation 5. Ejther Déw or'Dgw
can be used in Equation 17 provided Kdw is s1m1113r1y defined.
However, 1ong1tud1na1 dxffu51v1ty Déw, is probably best sufféd
to th1s application because of 1ts w1der range in magntrudo
over the moisture contents of physiological interest. Déw
in wood of Pb = 0.40 at theorétical saturation (Mgw = 1/0.40
" 0-65 = 1.85) (skasr 1972) is 0.0016 cn’ &', and at Mgw -
1.0, Déw = 0.0018. In cdhtrast, Déw at saturation moisture
content is 0.0013 and only increases to 0.001367 at Mgw = 1.0, -
I suspect that measures of_Dgw to four significant figures
would be quite diffichit under field conditions. Qné can deter-
mine Déw to two, or perhaps even three, significant figures.
Although moisture content has been veed to estimate thermal
conductivity, T have not found refergence to in gitu determin-

atinng of sapwood moistinre by thig meansg (Eq. 17). TIf this

26



' proves to be a practical approach, it would represent a signif-
icant advance in the nondestructive monitoring of tree moisture
content,

To estimate transpiration or total sap flow, one must

integrate sap flux (Eq. 10, P- 23) over the sap conducting

xylem area which must be measured or estimated. The~integration_4

-

requires determinations or estimates of HPV, Pb and ﬁgw over
this area. The annval variation in wood basic density, Pb,
in Fagelmann spruce (Picea engelmannii Parry) and lodgepole .
pine (Eiﬂﬂi contorta Dougl.), was,les? phgn;;Z (Sqangen 1967a)
and Tt can probably be taken aS‘é constant for a particular
treoo Both HFV anrd Mgw may be obtained in Eiﬁé from the game
data if it is taken to satisify Fquations 4 and § (p. 19,20).
Conditions for application
Marshall (1958) stat;d, or implied through his discussion,
thaglneveréi ptyéical-conditione should be adhered to in the
8ppi;caf{ﬁ" of thia Er'kaali}ed analytical theory to:specific
8ap flow mensuramans °iruations= In m& opihi?n the four mest
important onen gres - S
VY The Fip of 4 temperature sensor must bhe i;planted .
deeper than % to 1 cm in the sapwood in order to
Timit the affocr of heat loss at the surface of the
,
stem. N
2) The sensor and heotar diameters must be a small frac-

-

tion of *the distance(s) between them.



~aa

3) vThe~sapwoodwmust not contain layers of nonconvective

material which'require appreciable time to reach -

thermal equilibrium'with their surroundfngs3< fﬁV: e
4) | Sap flux, not heat pulse velocitf, shouid“bé/used

to’ compare sap flow rates aga1nst each other or agalnst

external measurements such as evaporat1on at the

leaves or~water uptake hy the roots.

The flrst cr1ter1qn is reasonably obJectxve. It 11m1ts ‘

)

'apﬂllcat1on to the center of 1 to“2'cm diameter stems'composed

Yo

‘entirely of,sapwood or to the center of sapwood layers 1 to

Zom thick.

} The second cr1terlon was_ not’ spec1f1ca11y stated by Marshall

v

(1958), but 1t is. suggested by hlS dlscussxon of exper1mental

appsratus and absence of the:mal homogenelty. He_implies that

> the error in HPV measurement caused by f1n1te—slzed apparatus

increases as the dxstance between .sensor and heater decreases.

»

I 1nterpret these errors ag arisging from d1stort10n of the

_temperature field caused by thermal 1nteract1on between the

£

-materlals of the heater and sensor when in close prox1m1ty.

The more they are separated,’ the. larger each probe can .be thhout
~1ncreasxng errorkar1s1ng from th1s source. Marshall's exper-
.1menta1 apparatus consxsted of a 0. 076 ‘cm dlameter senso; 1.5 cm‘
downstream from a 0 25 -cm dkfmeter heater. The1r averaée d1-
‘ameter rs 112 of'the d1stance between centers' therefore,

lOZ of separatlon could be used as an approximate"criterion

for probe.dxameter,_,
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The thlrd cr1terion can be nmt qf the fhermal equ111br1um
- .-d_, i) ¥ -

t1me of any nonconvect1ve layer can be made neglkglble. There

“ u

w111 always be some nonconvectlng txssue i fhe 1mmed1ate v1-

c1n1ty of the HPV probes, because the act otadr1111ng holes
to 1mp1ant them 1n fanct10n1ng sapwood, must sever vessels

- or trachelds. Thermal equilibrium t1me, te, is. dePendent upon
thlckness of this ' nonconvectlve material and the thermal dlfo§-

R

- ivity of it, Marshall (1958) gives:

k1)
”

9 ‘ » - N >
L)

te = 3L’/8ps e s

L ”"" #, ) '
where L = thickness of nonconvective material (cm). Harshall

~

further implies that some fractlon of measurement time may

2

- prov1de a crlterlon for spec1fy1ng a m1n1mum acceptable equ11—
1br1um t1me.! The mlnlmum.duratlon of a/measurement, that 1s .

the length of tlme from heat pulse %nltlauon to .the first

temperature measurement used in the f1xed t1me Equatlons, 4
and 9 (p. 19 and p. 23), can be selected by the exper1menter.
For the Ppurpose of this dlscu381on, I am assum1ng that a te

of 1X of ‘the first time interval after\the'heat'pulse, is accept-

_able. Marshall used 60 8 1dtetvals in his appllcatlons ‘of

oy

Equatlon 4‘ therefore a te of 0 6 8 may be appropr1ate.frlf'

Dgw = 0. 0012 cm2 fl in the tangent1a1 or radial d1rect1on 4; -

@

(Herrlngton 1969), then any nonconvect1ve thlckness,'L; less

-than 0. 04 em would not cause sxgn1f1cant departune from thermal

&
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‘within the 1.5 to

homogeneity. At first glance, it would" appear that time measure—
e -

ment 1ntervals could be made suff1c1ent1y long so that almost

any size of probe, or sapwood w1th vessels in any arrangement,

~ .
could be'made to behave as thermally homogeneous. However

Practical time limits are set by the magnitude of temperature
1ncrease that can be conveniently created wlthout causing

phy31olog1ca1 damage to the tree, and by’ the exponential rate

- of decay of that temperaturelpulse with time. The temperature

rise from a modest heat pulse 1nput is detectable for a minimum
i

of about 300 8. (Swanson 197ﬁ’7fa If data to satisify Equation

4 were taken at 100 s 1ntervals° a. te of 1 8 w1th the ahove

thermal constants would establish a maximum nonconvective thick-.

14

ness of 0.05 cm. Any nonconvective material wider than 0,05 cm

cm” cross section influencing the sengors,

would make,the tissue n
[

Used as anriterion to

o~

nhomogeneous. This width could be
termine if Marshall's (1958) idealized
anglysis is usable or not.

The importajfe"o the fourth criterion is illustrated

/<§;;?n.Figure 3. Warling and Running (1978) and Waring, Whitehead

and Jarvis (1979) indicate that ‘the relative water content "

l'(RWC) of stem sapwood may decrease by as much as 20 to 252

. over a.season. Considering Pb = 0.4, Mgw (dwb) at saturation

: would be 1.85. Curve A (Fig. 3) is at RWC = 0. 8 curve B, is

at a.;elative water.content 252 Jless, i.e. 0.55. ‘If the
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Figure 3. Theoretical plotting of sap flow through a constant
sapwood ‘area versus heat pulse velocities at Mgw's of (A)
1.5, (B) 1.0, (C) 0.5. The importance of a reasonably accurate
estimate of current sapwood moisture content in calculating
sap flow from heat pulse velocities is indicated by the example -
set out by the dashed lines. These show that at a conmstant
sap flow of 10 mL/h, HPV's would be 13.7, 18.8 and 30.1 cm/h
at the three moisture contents respectively. With a decrease
in moisture content from 1.5 to 1.0, which is a physiologic-
ally realistic popsibility, heat pulse velocities would over-
estimate actual gap flow by 40X if the sap flux calculation
was not adjusted’ to the lower moisture content value.
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. _
_'8ame transp1rat10n rate existed at both of these m01sture con—

tents, HPV would- 1ncrease from 14 to 20 cm Kl w1ch no real-
vchapge in sap flux. Howgver it should be noted thaé‘the use of -
sap flux will produce the same results as would be obtained with

HPV unless Mgw is determined,toncufféntly with HPV. )
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CHAPTER III
IDEALIZED HEAT PULSE VELOCITY PRACTICE

Introduction o R

There is an evident need for a rapid,_siqple method for
measuring tree transpiration. In forest hydrology or forest
mlcro—meteorology one encounters numerous studies of the relatlon—
ship between actual transplratlon, potential tranSplration
and pIant water stress~1n differing vegetative canopies (e.g.

e

1dso, Reglnato and Farah 1982 Brlngfelt 1982). In forest

physiology, tranSplratlon is frequently one of the primary
1ndependent var1ab1es correlated with other physlologlcal pro-

cesses such as photosynthesis and resplratlon (e.g. Troeng

-and Linder 1982).

In view of such wide use for transpiration measuremeﬁta,
the relat1ve s1mp11c1ty and speed of obta1n1ng heat pulse data,

and the fact that the Marshall (1958) method is based on aco&pted -

heat éransport theory, one would expett the heat pulse technique

to .be w1de1y accepted'and used. It is not. There are several "
actounts in the 11terature of new or 1mproved 1nstrumentat10n

to 1mp1ement Marshall's theory. - There are a. few ‘reports on
correlatlons of HPV's wlth envernmental or phys1olog1ca1 param—
eters affectlng ‘transpiration, a very few reports of attempts

to correlate HPV.measureﬁents with actual transpiration, and
even fewer of attempts to oalcqlate transpiration directly

from HPV's, sapwood moisture content, density and area.

T
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velocity method.

°

My burpose in this chapter is to review the uses of Mar-
shall's (1958) theoretlcal-analys;stby, 1),an examination of
the ways in which the several analysis techniques have been
1mp1emented, 2)»an examination of the type of problem that
has been apéroaéﬁed‘usiug HPV, and 3) my opinion as to whether
or Eot:each user's applicatiqn violated any of the criteria
given in Chapter II (p. 27). Lastly, I w111 summarlie what
I be11eve to be the sources of the d1fflcu1t1es that users
have encountered in gractlcellepp11cat1on of the heat pulse o

e

Both Marshall's (1958) analysis with line-heater point-

. sensor internal to a stem and Closs' (1958) analysis with plane-

heater p01nt sensors external to a stem, have been used inter-
-y _

'changeably or lnapproptlately in several of the reports reviewed.

.Closs method is app11cab1e only w1th small stems (probably

less than 1 cm dxameter) Marshall 8 with those much larger.
A11 of Marshall's criter1a (p. 27), except the one telatlng
to probe 1mp1antat10n depth, are)applicable to Closs' method
as wéil; Where both have been cited in a report, or the applic-
ation -is not clearly one or the other, vaill comment on the~

. ’ .
applicability’of‘botht However, my focus in this study remains

on the appllcatlon of Marshall's method to large trees.

Representative applications of Marshall’s method

HPVM .
'bendt, Runkles and Hass (1967) report the only publighed
use of ‘the HPVM technique (Eq.'a,'p. 19) that I could find.

. S ‘ . . e as
They obtained correlations between transpiration as indicated

ot
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by weight loss of potted mesqoiteAseedlings (Prosopis glehdulosa
var glandulosa Torr.) and HPVM. They do not stete whether

the seosor was implanted or external to the stem. ‘They cite

both Mar;hall (1958) and Close (1958) but it is not clear ohether
either technique was actually used. They.obteined regression,e
ehuetions with correlation coefficients ranging frdm 0.81 in

1.6 to 1.7 cm diameter chﬁs, tov0.97 in 0.2 to 0.6 cm diameter
stems. They do not mention encountering any difficulties in
applying the technique, except that the analyses of'the time-
temperature curyeé were verf tioe eonSUhing.

Wendt and others (1967) appear confused about the theory

- as they indicate that the sxngle sensor HPVM‘analysls (Eq.

<%

4, p. 19) gives a "conduction velocity" that must be correeted

(they.do not state. the nature of the correctioﬁ)_but‘thet;the

two sensor HPYT analysis (Closs 1958) gives true sap velocity.

NeitHer of these interprefationo is correct as both give HPV

as defined by équatioh 2 (p. 18). Wendt end.others (1967) - .fg

results are little more than an empirical calibration of measured

‘transpiration against some unknown type of ‘"heat pulse velocity" .

-

determinations. D

I suspect that my success in us1ng the HPVM techoxque
is more- typ1ca1 of the results that others may have exper1eneed
1 used a single 18 guage (0.13 cm diameter) stainless steel
hypodermic needle thermlstor temperature sensor 1.25 cm down—

stream from a similiar size line sOurce heater (0,1.25; epprox—

imately the experlmental'conflguratnon descrlbed by‘Marahall
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1958). A heat pulse was ‘created by ‘connecting a 6-volt battery
to the heater for 1 tb 5 seconds. Relatlve temperature rise

e .
was readqt 60, 120 and 180 s from -a meter indicating the out-

. N I . . :
of-balance voltage across a bridge circuit in which the thermistor

was the active arm. The results in using this apparatus, .with. -

oo

sensors inserted 1 to 2 cm into the sapwood of 30 to 60 cm

dlameter ponderosa pine trees (Pinus po nderosa Laws), were

an inordinate number of imaginary HPV's: 1in over 30% of the

N

determinations, the term under the radical in Equation 4 (p.

19) was negative. My instrumentation was not an obvious ‘violation

. of any of the criteria (p. 27). I therefore attributed the"

imegieary readings to instrumentation diffiCulties arising
from the crude transisror amplifier circuitrj then availabie
(1959-60). I also found that the analysis of time-température
data'gy Equation 4 (p. 19)'was very time consuming. Marshall :
(1962) apparently anticipated this data reduct1on probl@ahd
published a set of nombgrams to facxlltate it. |
HPVP
Cohen Fuchs and Green (1981) used Equation 7 (p 22)
and a single 0.3 cm dlameter sensor, 1mp1anted 1.5 cm (0O, le cm)
downstream from the ‘heater, that had six thermlstOra or thermo-
couples mounted at 1 0 cm 1ntervals along it, in order to simul-

taneously sample the heat wave at several depths in a stem.

They indicated that the main advantage .of their technique was

‘the capability of integration of .sap flux by simultaneous measure-

’

ment of HPVP at several depths in sapwood (this could be dene

with any of the analysis methods). They provided analyses
.

36
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g
of errors associated with determlnatlons of D1 tp and spac1ng

of the sensor from the heater and ~concluded that a distance
of-l.5 cm from heater to sensor was optimal. The diameter
of their sensor is ZOZamf spacing, violating criterion 2 (p.

27) ﬂﬁm nonconvel‘ing;maCerlal associated with a 0.3 cm d1ameter

a

sensor would also violate crlterlon 3 (p. 28).
Stone and Sh1r521 €l§750'used Equatlon 7 (p. 22) in an

altered form to deﬁlne-ﬁaﬁ%%%ent gt pulse veloc1ty" (Av)

¥
as Av = r/tp (where r and tp havevthe,same meaning as in’ ‘Eqs T

l

7).. They showed mathematlcally that Av 1s aqways in phase

with HPVP if Pb and Mgw remain constant i.e., they asgumed

constant sap flux coefficients. Since both their sensot .and

heater were placed on the gsurface of the stemé'ofnl.ZS cm di~

ameter cotton’ plants, and the heater extended only haLEWay

around thé'stem; their application was of neither the Marshall
_ . . .

(1958) nor Closs (1958) method. Their assumption of constant

.
'
‘

Mgw ié open to question. Variation in moisture content would
..vrolate criterion 4 {ﬁ 28) even though-they’do not explicitly
utllize the sap flux equation (Eq. 10, p. 23) in their éalcul—
. ations. .

HPV?

Miller, Vavrina and Chgistensed (1530) reported an attempt
‘to utilise Marshail's (1958) theory in ring porous oak trees.
Although they used the same term "HpY" as ia Equation 2 (p.
- 18), they defingd.it as X/t, where X is the distance between
heater and temperature senéor, and t is the time from heat

»

pulse start to first onset of heat at the sensor,i.e., a def-



&

mined tp with the same apparatus and calculated HPVP (Eq. 7

38

inition more akin to Huber (1932)vthan Maré?all (1958). Because
of this difference in definition énd determination of HPV,
the value they calculated was much more indicative of peak
sap speed than it was of the -heat pulse velocity defined by

-

Equation 2. Values of HPV deflned by Equatlon 2 have generally
undere&i&mated sap speeds by a factor of abogl 20 (Heine 1973).
The "HPV' s',_as defined by Miller and others (1980), overest-
imated average sap speed in oak. (I inﬁormed these authorg

of this misuse of the definition of "HpV" prior :o‘publica&ion.

For sowme reason, they still persisted in using it.)

Miller and others (1980) use of the'instrumentation of

Swanson. (1974a), which was designed to measure HPV as defined

by Equation 2, didcnqt legitimize their migagplication of both
technique and theory in ring porous oak. They could have dete;;
y

P- 22). This would have made their use of Makshall's (1958)
theory ‘correct even though the theoretical assumption of homo-
geneity, criterion 3 (p. 28), was probably not met.

HPVT

The asymmetrical two~gensor configuration of Figure 4

and Equation 8 (p. 22), (Closs 1958, Swanson 1962) 18 much

simpler to use than Equation 4 (p., 19). 1 publlshed details

of instrumentation to measure HPVT's in 1962, with improved

\

stability in 1963 and with updated electronics and commercially
available temperature gensor probes in 1974 (Swanson 1962,

? .
1974a; Skau and Swanson 1963). AtCounts of other types or

K. -
sizes &6f sensors, different spacings, differing electronic
4
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Figure 4. Diagrammatic sketch of the assymetrical, two sensor,
HPVT gampling scheme. The configuration shown here is (-0.5,0,
1.0 cm), I install the heater 5 to 7 cm into the stem regard
less of the depth, d, at the artive tip of the sensors. The
heater is heated Wi Farmly 211 along ita entire lano'h
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indicating or recording instruments, but all still using ghe.
\{s'

same’ general configuration of Figugg 4- and Equation 8 were
published by Gifford and Frodsham (19717; Hinckley (1971&5
and Morikawa (1972)

Most implementations of the HPVT analysis technique violate
criteria 2 and 3 (p. 27,28), in as much as the reported diameter
of pr;Etica11y~sized sensors, (0.13 cm, Swanson 1962; 0.15

S
Pm, Hlnckley 1971a; 0.16 cm, Swanson 1974A) is much groatef
fhan 10% of the 0.3 to 0.5 cm separation Pse between the heater
and the lower sensqr; and the 0.04 to 0.05 cm width of noncon

L]

vecting material for negligible thermal equilibrium gime.

Applications of idealized theory to specific problems

All of the remaiﬁing citations employed some form of instru
mentation to exploit HPVT (Eq. 8, P- 22). The first 8ix are
published #ﬁplicagions; the last two of anublished studies
that T started ju}t prior to this thesis sfndy.

Detection of moisture stress

Merkle and Davis (1967) used an external heater with sensovrs
held gently against the stem (0.05 to 0.3 cm diameter) of a
bean plant (Phaseolus vulgaris I.. var. Black valentine) to
measure HPV as an indirprt indicator of mristure stress. This
is similiar to the diéss (1958) téchnique but theit‘refgrencea
are only ¢o Marshall (1958) and Swanson (1962). Théy”concluded
that, with their comBination of rensors and analysis, HPV measure-
ments were a sensitive indicator of the relatlve degree of

moisture stregs between plants, p q‘g&ded those compared had

40’



reasonably comparsble leaf. areas. Both heat loss; (criterion
i) and stem moi;ture content change (criterion 4, P- 28) may
have influenced their results. They probably should have éom?aree
sap flux,'rather than HPV, from stems with equal cress-sec’ ‘onal
area (although plants with equa' leaf area might wel! h;‘
similiar cross gections).

Effects of defoliation

Lopushinsky and ¥'lack (1980) wpe? heat pulse veln-~iriag
Fo monitor the efferte of defolintinn on traRkpiration in Grand
fir (Abies grandis (Dougl.) Lin'l,) trees (31'te 48qcm dbh),
They perﬁ:naﬁfly i*vlanted HPVT sensors (0.13 cm diameter,
1.0 em deep, gpaced “0.5,0:0.75 cm) during mid-June 1976 and
read them through the reat of 1976 and 1977. They observed
a vapid decline innHPVT'n in severely defoliated trees and
a much. smaller decline in parrially-def:1€n*od Tmar. My exper-
ience with sensors implanted over a long pariod of rime aych
as thie; is that the magnig?de ‘0f the YPVT measuremenra may
decline regardless of changegifh”trnvcr’rnfion rat-, becauvse
A free reacts phygically and’tﬁ;mien‘lv te ienlate the ipjured
rissue (Merrill and Shigo 1979). The vare at which this isolation

Y

occurs ig unpredlcteggg ‘}he‘r application violates criteria
2, 3 and 4 (p. 27! 2&) Dﬁerefove one mnat interpret the differ-
ences between partlal anh complete dofnllatlon that Lopushinsky
and Klock (1980) repert’ with care, . -

. v
Correlatxon between env1r0nmental parameters and transpiration

Heat pulsge veloc1t1es, determined from idealized analytical

”

'theory, have generallv rarralarad con11 _son o
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of those env1ronmental parametersﬁslrectly affect1ng transplr-

= ~

'atxbn such as’ vapour pressure def1c1t, solar rad1at1on and

e«

alr temperature. The method has been used\mn thls appl1cat1on

on con1fers (Gale and Poljakoff—M' ber 1964, Swanson 1967b;

SVanson, Benecke and Havranek 1979 . Good.correlatxonsawere-
O ,

cond1t1ons~ But the coeff1c1ents relatlng HPVT - to any spec1f1c s
env1ronmenta1 parameter were not generally transferable frow

e . '° oo

if(. one tree to another, nor useful 1n the same tree through extended,
/ time. Thxs lack of general and prolonged applxcab1l1ty 1nd1cates‘ e

v1olat10ns of crzter1a 2 and 3 (and possxbly cr1ter1on 4, p. 28).

Balek and Pavl1k (1972) reported a unlque app11cat10n

~

. of the HPVT conELguratlon and equat10n (Eq. 8, p. 22) to cont1n- R
uously mon;tor heat pulse veloc1t1es (wrongly called "Qap stream - .
‘velocities™). hey permanently melanted sensors (a e and

’ exact spacing not-gLven), 1n thevconfigurat1on of Fi‘“

>
-,

A pulse of electr;c current wasg used to measure HPVT in the

"

o

.normal way for a range of envxronmental condltlons. Then a N

\ ‘v

steady electr1c current, approx1mately 0.01 of that for the

e

pulse, prov1ded a temperature dxfference (at the same sensors

used for HPVT s) whxch .after correlat1on w1th the measured

" - gpvTt s, vas recorded as a contxnuous estlmate of HPVT Thelr ‘

a

records extended over 52 d thh the same sensors, with probable

..

) v1olatxons of cr1ter1a 3. and 4 (p. 28) . g

a
v
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.Simple eorrelations with sap flow or ttanspiration

S1mu1taneous measures of HPVT ‘and transp1rat10n as 1nd1cated L

o

by humldlty 1ncrease in a~plast1c tent or cuvette enclosxng

all or a- portxon of a plant are reported by Decker and Skau
:(1964) Gale ‘and Poljakoff-Mayber (1964), and Swanson, Benecke
_and Havranek (1979) Gale and Poljakoff—Mayber (1964) found

ﬂ good correlFtlons betWeen hourly HPVT (O 13 cm d1ameter heater,
diameter of sensors ‘not ngen, spaced 0 5, 0,1.0 cm) and transp1r—
ation in 0.6 to 1.2 cm dxameter aeedllngs of aleppo‘plne and

‘sour orange at so11 water potent1als hlgher that ~0. 4 MPa,'

but essent1a11y no correlatxon between hourly values at -1.5

Ve

MPa. They also found that the coefflelents of ca11brat10n

»

equat1ons d1d not remaln constant as soxl water potent1al de-
creased ‘nor” d1d they return to the same values upon rewaterxng.
:Th1s work probably v1olates all four cr1ter1a (p. 27) ‘

’ Decker and Skau (1964) 0. 13 cm ‘diameter probes, spaoed g
- -0.5,0,1. 0 cm) - and Swanson and others (1979) (0 16 cm dlameter

probes, spaced 0 5,0,1.0 cm) found close relatlonshlp ‘between -

hourly values of HPVT and transp1rat1on in P1nus halapens1s

lel., aeveral Juniperus spp- and Nothofagus solandr1 var cllf—

IR 4

fort101des Hook. F. Poole. mhelr appllcat1on v1olated cr1ter1a

i

2 and 3 (p.,27 28) but probablz/potifrlterlon 4 as these exper-
1menta did not 1nc1ude the effect of chang1ng 8011 water ava11—

1b111ty.

ey

Sxmultaneoua measures of'HPVT and welght loss were reported

by H1nck1ey (1971b) and Swanson (1972) Hxnckley fgund close-.‘

»
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correlat1on between hourly HPVT s (0. 15 cm dlameter probes,

spaced -0. 5,0,1.0 cm) and h0ur1y transp1rat10n in Douglas f1r

(Pseudot uga menze1311*(M1rb ) Franco) over a three day per1od

.

whlle water was wzthheld I found good correspondence between-
hourly HPVT (0 24 em dlameter probes, spaced 0 5,0,1.0 cm) -
and hourly transp1rat10n in P halaEensx only when well—watered

“

(xylem potent1a1 -1. l MPa). HPVT and hourly transplratxon rate

. éére v1rtua11y unrelated at low xylem Potent1als (-2. 7 MPa). o

Part of the disagréement between the hourly values may have

been due- to change in sapwood water content and the use of

" HPVT rather than aap flux as the'independent‘variable;:vﬂoweVer

\_/“

my data does indicate good correlat1on between HPVT -and transplr-

ation averaged over 24 ﬁ -as xylem potent1a1 decreased from

. ~1.1 tor -2. 7 MPa and _upon return to —l 1 MPa after rewaterlng.

Both appl1cat1ons v1olated cr1ter1a 2 3 and 4 (p 27, 28)

D1rect calculatlons of transplratlon'

¥

Doley and Greive (1966) report one of the most comprehen31ve.fu

-
efforts to compare actual water uptake (transp1rat1on) thh

o’

sap flow valuea‘calculated from HPVT, Pb, Mgw and sapwood area.

&

Their application was in;field‘grown Jarrah (Eucalyptus‘marg-.

inata.Sm.)‘a diffuae porouawa;%ZOOd. The HPvipfobes‘were.

placed ‘on the surface of the sapwood (sensora spaced -0. 5 0 1. 0
cm). Water uptake, aa/peasured by severing a stem and plac1ng
it 1n water, was used Ao calibrate the heat pulse calculatlons. &

A

Calculated sap flows vahue% were approxrmately half those mea-

R
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_calculated from HPVP, Pb Mgw and cross sectlonal area. Calcul-

R A B oM ey e e,

>

sured but the relationship between the two was ‘linear at all

.- rates of flow.

“

Doley and Gr1eve 8 (1966) apparatUs does not correspond
to the measurement conflguratlons analysed by elther Closs
(1958) or Marshall (1958) ‘8o that none of the criteria for
appllcat1on fully apply. None-the-less; their results are excel-
lent. In my’ opinion, thelr 1nterpretatlon'of measured HPV (wlth
their apparatus) as be1ng one-half of true, needs theoretlcal |
conf1rmat1on, because the emp1r1ca1 cal1brat1on was‘based on

detection of ° sap movemenc in the outer 0.5 cm of aapwood where

the HPV's may not be. the same as those encountered at deeper

~ depths (Swanson 1967b). Untll this heat flow configuration

is theoretically described, their techniqug .is merely an empir-
ical extension of Huber and Schmidt's (1937) "compensations

method" with deference to Marshall's (1958) definltion of HPV.

Suanson (1974a) re—examined the data of SwanSon (l972)

to compare da11y sap flows calculated from HPVT, Pb Mgw and

sapwood area, w1th those measured by lysrmetry. In this 1nstance,

sapflow calculated frOm HPVT averaged 462 of that measured.

The lack of I:1 correspondence Was attrlbuted to wound in the

plane- of the *sensors (v1olat10n of crxterlon 3, p. 28)

N

Lastly, Cohen, Fuchs and Green (1981) reported a comparlson

of volumetrxc flow through exc1sed wood cy11nders and, sap flow

ated sap flowa averaged 552 of actual. These authors also attrib—

. L‘ , '
uted the lack of l:1 correspondence to nonconvective wood in

the plane of the probes_(violation,of conditon'3, p. 28).

- . l ) . v v‘ : . .‘ . /

.
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The behavror.of the Augustllnstallatlons 111uetrate that one

fieee'of sensor sensitivity with extended iﬁplentation
When heat pulse probes are permanently 1mplanted.1n trees
to be read over an extended period of tlme, the magnltude of |
HPVT' Q measured may.become progre331ve1y lower regardless of\
transpiration rate.. From the last week of April 1975, through
the last week of September 1975 and in the last week of May \

1976, I installed one set of probes, (0. 16 cm d1ameter, spaced

0 -5,0,1.0 cm) to 1.25 cm xylem depth at breast helght (1 35

/

m) in each of f1ve lodggpole pine (Plnus Cthorta Dougl.) trees
/

of meanqﬂbh 21 cm, ‘mean he1ght 20 m.\\The f1ve/probe sets lnstal-__,.

Rz o

led each month were placed at the same helgﬁt on the stem and

separated about 3to 4 cm laterally from the prev1ous month's
1nste11&t10n. HPVT's were obtained from the current (conbrol)
and all previous probe installations on the day of or the

day follow1ng, 1nsta11atlon» The HPVT s for each 1nstallat10n

‘date were averaged and each past HPVT expressed as a fractlon

of current HPVT.

By the end of May 1975, Just th1rty days after 1nstallat1on,

Apr11 HPVT's a(eraged 0. 75 of current, and by May 1976, O 6
of current (Fig., 5) Slmlllar values exlst for each ‘month's
probe sets, except those installed 1n Auguet, 1975 whlch still
regxstered 85% of current after being 1nsta11ed aver 300 d.

2
cannot predict how a tree w111 react to HPV probe implants
through extended t1me. Apparently,a tree's wound resp:;EEIie.

L .o - Ay

related to the phenologicalvperiod during which it is'wognded.'

46
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,Flgure 5. ‘Decline in sensxt;vlty wlth length of time that sensors
"~ have been installed:."x" denotes sengqrs installed in Apnl
1975; I sengors 1nsta11ed in Augu‘ ‘ ‘
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Shlgo (personal communlcatlon) 1nd1cated that there are two
periods, one at leaf emergencevand the other broadly in "August"
(}n the northern hemisphere) ¥hen a tree may not react- to a

wound to 1solate it. , _ | ¢

| According to Shlgo and H1111s (1973), the normal first
reaction of a tree to wound1ng, such as that necéssary to lmplant
HPV seusors,.1s to plug the vascular elements, hls 1s followed
bby a change in color aswthe wood oxidizes and extractlves accumul-
‘ate in tissue above and below the w0und sLte. - The vertical_
extent of wound tissue formed in react1on to a 31ngle hole

B

in the sapwood may be a column of d1scolored wood extendlng

L4 - -
15 cm or more above and below the p01nt ‘of wound1ng (Shigo
-1976 Shortle 1979a, 1979b). These observat1ons 1nd1cate that

sap flow is 1nterrupted for-a cons1derab1e dlstance in the plane

S
“

of heat pulse probes, both up and downstrean. 'Since heat

is not carried forward by sap movement within this plane, this
slab of nonconvective trssue, whlch is greater than 0.16 cm
in tangent1a1 width in my 1nsta11at10ns, is a v1olat1on of
:cr1ter1on 3 (p. 27). |

‘The late-Bir Mulllck 1nd1cated that a1m111&r oxldatlon
and resin responses occur in xylem rad1ally'ad3acent to- ‘wounds
15 the phloem (personal communxcatlon). If .this is generally
,true, then those plac1ng HPV aenaora-heater on the surface
"-rather.than 1up1ant1ng them in the xylem (e.g. Doley'and Greive'

1966) may encounter a gimiliar loss in senslt1v1ty, both upon

initial 1nstallat10n and through extended time,
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. 8paced sets averaged 80% of the wider spaced controls. The

Incompat1b111ty of data from d1ffer1 5 sensor conflguratlons

. ,
Several authors (Swanson 1962 1967; Glfford 1968 Morlkawa .

*

1972; L88801e, 8cott and Fritschen 1977) have shown that the

use of sensors placed close to the heater increases 1nstrument

53
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sen51t1v1ty, reduces sampllng time and allows Hﬁtter resolutlon

~of slow HPVT s. The time spent in sampl;ng'1s certainly less, V“\(

but the'mégﬂftygf of the HPVT's measured with one sensor config-

uration may not be the same as those -measured using a different

2 .

configuration. In each of the trees used for the sensitivity—
through tlme study above, I also 1nstalIed a set of 1dent1ca1
sensors phy31ca11y near the control (-0.5,0,1.0 cm) 1nstallat1ons
but spaced (-0.5,0,0.75 cm) - HPVT ‘was determlned for this

set and that of the control on the day of 1nsta11at1on or the
day followlng. Assumlng that both sets of a pair sample . the

same sap flow, then the HPVT data derived trOm each pair should
be equal. Thls was not the .case (Flg 6) Data from the close
average HPVT's for 25 reaaings were close spaced, 10.7 cm hrfl,

controls 13.6 cm hr_l, and the difference, 2.9 cm hrflyis statis-
. , . 4 .

‘ticaI}yﬁsignificent (Student's "t" = 7.93, P-<O;01). ‘These

data indicate the applicability'of'criteribn 2 (p;‘27).

Sources of problems in applications

¢

The reports .indicate that the d1ff1cu1t1es users of the

»”HPV method have encountered arise from fout sources.,

1)  The def1n1t1on of heat pulse velocity as the weighted -
average of the sap and nonmoving wood substance moving

together, has often been disregarded.
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Figure 6, Léastﬁaqﬁares fittinglof';elétionship betwéen HPVT

data obtained from ‘sensors spaced ~0.5,0,0.75 cm and those .
from sensors spaced -0.5,0,1.0 cm. .The dashed line is 1:1.

-
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2) " The heat transport_geometry for which' solutions exist
has not been:applicable to the problem.
3) Vapour loss. at the leaves may not be in phase with

2 sap fiow in the plane of the heat pulse probes at

0

all levels of plant water stress.

4) A11 of the cr1ter1a stated for\agpllcat1on of the
3

1dea11zed theory have not been me& ) (.'
One, two and three above are "researcher" problems They cannot

4
be solved by prov1d1ng better methods or more ad&anced theory.

Their solution is 81mp1y to apply technlques as 1ntended and
-to 1nt%rpret measurements in llght of what they actually r
sent. Only item 4 is a valid method problem.

All ot the criteria that were assumed in deriuing the
analytical solution (Eq. 3: P- 19) to the heat transport equatlon
(Eq. i, p. 18)" must be met 1; practice if the results are to
Provide accurate estlmates of sap flux This means that:

1) The senslng apparatus must be implanted suff1c1ent1y
‘deep 80 that the heat losses to the outside are indeed
ngllglble and will remain reasonao}y tonstant through-
out the.measurement inberval., Using ﬁarshall’s (1958)
criterion, there must be 1 to 2 cm. of wood surroundxng
the sensor tip. The 1mplanted HPV method is not app11c-
able to most seedlings or herbaeeOUS'annuJI plant
gtems‘oegauee their etems.are generally too smail
to satisify this criterion.

2) The sensors must be infiniteeimally small compared

to the distance between them and the heater, so that
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their material and physical presence does not distort

the temperature field about them. It is probaﬁly
impossible to meet this criterion with practically-
sized heat p&lse velocity.probes. -
The measurement séction must not contain bands of
qonconvecting sapwood greater than about 0.04 to
0.05 cm wide. This too is probably an impos?iblé
criterion to meet with p;aqtichlly;sized probeé,
because wounding will océ;r during iniﬁiai iﬁplantaé
, .‘ o ‘

tion, resulting in a band of nonconvecting material .
at ieasr as wide as tﬁe largest diaﬁefer probé:

T?is band may or may not become wider as the tree
respon;s to i;olaté the wound from the remaiping
sachoﬁducting xylem. The effect of increasiﬁé'WOund
width can be avoided by frequent renewal of senéor
installations in mew locations. The effect of initial
wound cannot be avoidéd;ﬁitiwill be,p?esent in all
he;t pulse determiqationg in wﬁich implanted probes
are used.

| Noncbnvecting bands of latewood'gay also be

a source of error in some tree species. In eonxf;rs,l

only the earlywood conducts sap (Whitehead and Jarvis

1981). Longititudinal permeability measurements_in

‘the sapwood of New Zealand gro ouglas fif, indicates

that nonpermeable latewood bands up to 0.6 cm'wide;
may be present (Booker and Swanson 1979). Cown and —

Parker (1979) show latewood widtha 0.09 to 0.16 cm
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in Douglas fir of‘fhe Oregon to British Columbia
region of North Ame;ica. All of theee widths are
greater than the 0.04 to 0.05 cm criterion suggested
a; the maximuﬁ.alloﬁablé for therpal homogeneity
(p. 28). This may be a significant eOurce ef error
" in va measurements in Douglas fir, and other speciee
“' w%th high proportions of latewood 'in their growth
rings. | |
4) sap flux, which is-a‘function of heat pulse velocity,
current sap&oodvmoisture'coneent and density, rather
than HPV alone, must be used to correlate with, or.
to calculate transp{ration. Sapwood moisture content
is a dynamic varieble éﬁat cannot be assumed constant,
except perhaps over a period of 24 h at high plant
or soil water potential.
I assumed that the p;actical problems, #articularily 2
and 3 ébove, were the source of the persistent underest1mat10ﬁ
of HPV's and sap flow reported. I contacted D. C. Marshall,
New ;ealand Department of Scientific énd Industrial Research,
Aucklaﬁd,';o obtain some guidance as to hoﬁrthese problems
might be overtome. He and Dr. D. W. A. ‘Whi;field, Deperﬁﬁenf
of Botany, University of Alberta, Edmenton,,suggested'that'
I undertake a numer1ca1 analy818 of Equat1on.1 (p. 18) to‘explore
the effect of 1nterrupted flow nedr the sensors as well as
~the effects of sensor mater;al and eonflguratlon\(Personal

communication, D. C. Marshally January 1977). These numerical.

‘analyses and.their results are given in Chapter IV,
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CHAPTER 1V
- NUMERICAL ANALYSIS OF HEAT PULSE VELOCITY THEORY

Introductlon

The physical problem of 3- dlmenslonal heat flow from a
line heater in the thermally nonhooogeneous stem of a tree
with implanted sensors is apparently d1ff1cu1t from an analytical
standpoint, Plckard and Puccia (1972) and Plckard (1973) re-
solved a much gimpler phy81cal system, con813t1ng only of outer
.1nsulat10n, sapwood and heartwood with constant thermal prop-
ertles and unlform sap speed from bark to heartwood. Pickard
and Puccia d1d not con31der 1mp1anted sensors (although obv1ously
one would need sensors of some sort to measure temperature) nor
the effect that sensors mlght have on either heat or sap flow.
They concluded that their analyses would only be applicable in
.rlng porous stems with sapwoods less than- 2 mm thick and in dif-
fuse por0us stems iess than 5 cm diameter, composed entirely of
sapwood, and that neither their heat step nor heat pulse methods
were capable of y1e1d1og precise quantitative measures of sap
flux. Their conclus1on should not be surprlslné”as few’of the

: <

partial d1ffetent1&1 equations of phy31cal interest have been

solved analytically- (von Rosenberg 1969, Saul'yev 1964).

< . )

The more realistic heat and sap flow system described b

in Chapter 2 (p. 16), can be sppsoximated'in'a‘finite difference
model by a succession of numerical values for‘;hevdependentl
variable (temoerature) and the corresponding,iﬁdéﬁendent'vari-
'Aabfes (wood,“seﬁsor :;d;ﬁEaﬁer‘therﬁal prope?eies, stem cross
section, sap speed,’sap fiow'geoge:sy; etcs)} }Iﬁese temper7ture

\
J

1
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values can provide a.link between the numer1ca1 solutlon and

-

its analytical solutlon (Harbaugh and Bonham~Carter (19]0),
\

. The finite dlfference method

In the finite difference method,

<€

~

the phys1ca1 geometry

of the system to be appr0x1mated is overlayed by a grid or

network composed of a f1n1te number of parallel lines

..‘

evenly spaced) in the ‘X, ¥y, and z planes.

of these lines form nodes.

An equation approx1ma#1ng the partial

(normally

The intersections

differential equation and thermal propertzes in the de81red(

directions is written for each node.

the temperature everywhere in a homogeneous sol1d'

Equatlon 1 (p.

LW

-

P;), def

Equation

Inff"

19, the fln}te difference approx1matlon ‘to each term of the )

parabol1c partlal d1fferent1al equation (Eq. 1), defines the

temperature at each node in terms of the temperature of its,

v"

ne1ghbor1ng nodes, and the thermal properties of the mater-

ials between it and them (Saul'yev 1964‘ Cepnahan, Luther an

Wilkes 1969;

azT/ax

8°1/ay’

aZT/az
f OT/0x =

dT/3t =

von Rosenberg 1969).

t n+l
= (K /PC)(Ti F

n+l
(auPsCs/pC)(T" i+1,3,k

. n+i _
i,j,k

<

= (K /pc)(T“+1

-1,

n+l
= ®F/pe) (1" kel

y n+]
2T, .
1,35k

n+l

.

i)/ (ae)

Sk T 2T

1,5k

- o™l

1,j,k

n+1.
1&

el

i+1,7, k)/(Ax)

At )/(Ay)

1,341,k

n+1
k+l)/(AZ)

)/(ZAx)

d

(19a)

(19b)

\
N

(19¢):

(19d)

(19e)

d



R Wlth each equatlon .an error of aprox1matlon, due to truncatlon
- of ‘the: 1nf1n1te series approxxmat1on of the part1a1 d1fferent1a1

'equat1on, that is a functxon of (At) and (Ax), must be con—'
sldered However, if the method’used to solve ‘the system is

"d% 'e‘:stable, then the error of approx1mat10n tends toward zero,

'
8

"fi_éaul'yev (1964) | _‘

, ,',.:t-' The formulatlon of Equatlon 19, where the values on the ’
S | 'r1ght hand slde are all evaluated at the u+1 time step, is

h3j1mp11c1t in - that the set of equatlons for the ent1re net must

- e - be solved s1mu1taneous1y. The pteferred method for parabol1c

e . l?tfuhf atxon arrzves at t1mes t = 60, 120, 180 e etc., .as requlred

R N , C e

- part1a1 d1fferent1a1 equatlons (von Rosenberg 1969) 1s to solve

‘ the equat1ons, uexng 1ntermed1ate t1me steps (that have no .

\...v

N jphys1ca1 mean1ng), by the alternatlng dlrectzon 1mp11c1t (ap1)

_method In the ADI method for two d1mensxons, the equat1ons-‘?d
s {',?hloné one axis are wr1tten 1mp11c1t1y for'a time step k of
- that des1red i. e.;wat n + &, and the equabions along the other
ax1s are wrltten exp11c1t1y us1ng known temperatares a£'£h€$¥
' "‘.ii' ’f orev1ous t1me step, n.“ The 1qterme81Até solutlon to the 1mp11c1t

0 'f. 3‘3 equat1ons at n+ & can be obtaxned by a back subatxtutlon tech-'

n1que (Carnahan, Luther and Wllkes 1969) The temperatures

at n +. % then become the known values; The 1mp11c1t and exp11c1t »

»

9_\equat10ns are 1nterchanged between the two axes, and the temper-

1,

e atures at the deslred time 1nterval' n + l, are calculated '
R ‘ S -

N

."A

in the same manner. Thls process is - repeated unt11 the sxmul-

k]

. o L. P V- BT S . . .
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Numer1cal models of 3-d1mensxonal system.

: approx1mate this 3-dnmenszonsl heat flow system w1th two 2-- ‘

'condltlon for both models is 1sothermal (T - 0). The border -

o

1

.a tangentlsl long1tud1na1 sllce in the sapwood of a 3-d1mens1ona1

.stem sect1on, i. e., the same model that Marshall (1958) solved

analytlcally. The reSufts obtalned w1th th1s model resolved

. N
many of the problems assOC1ated w1th sap flow 1nterrupt1on in

S

the plane of the sensors (Swanson snd Wh1tf1e1d 1981) However
my experlence w1th app1y1ng the heat pulse technlque in stems S
of var1ous sapwood pr0port1ons 1nd1cated a need to conslder

heat exchange &t the bark/sapwood and sapWood/heartwood borders

as well Ideally a 3-d1men31ona1 model should be used for thls. )

r .

But because the results uslng the 2 dlmenslonsl tangential long1-
tud1ns1 model were so successful and because of the extremely
. lsrge computer megory requlrement to sccomodate ‘even a: modest

33-d1mensxonal f1n1te d1fference model (4 to .6 megabytes for the

final and 1ntermed1ate soluﬁxon mstrlces alone), I chose to ..

v

-‘d1menslonal f1n1te deference numerxcal models- One a tangentlal

o

long1tud1na1 sectlon perpend1cular to the heater at approx1mate1y

fthe centre of the sapwood (F1g. 7s)- the other s radxal 10ng1tud1na1

" section. 1n 11ne w1th the heater and sensoréfencompass1ng bark, o

vascular cambium, sapwood and heartwood (F1g. 7b) The Lnxtlsl

- - ..
< -

'fcondxtlons are unxque for each appllcstxon of the models and

1

v

e \
comprlse the spec1f1c csses to be: examlned below.

The msln purposes of the tangentxal longltud1na1 model

-

‘were to. examine the effects of flow 1nterrupt10n by, and in

)
Vo

“

My 1n1t1a1 effort 1n numerlgsl s1mulat1on was to aﬂproxlmate .
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A umermcal appro Lmatlons of the temperature at every node in

#the near vicinity of the sensors and of sensor. conflguratlon

. E
on the temperature field. The main purposes of the rad1a1

long1tud1na1 model were.to ‘examine the effects of heat: loss -
to the outslde vxa the sensors, heat loss to the outslde from
the bark surface@ the effect of abrupt cessation of xylem sap .
flow at the bark/sapwood, sapwood/heartwood or. early/lstewood

1nterfaces -and the d1ffer1ng thermal prOpert1es of bark, sspwood,'

heartwood, sensors and heater as these 1nf1uence the temperature

°

~of sensors 1n the v1c1n1ty where these mater1als abut. A 0 04 -

cm node spac1ng (see d1scusS1on below for ch01ce of thls spac1ng)

1s a physical restr1ct1on common to both models that 11m1ts

_ the1r usefulness to evaluatlng the effects of d13cont1nu1t1es

of w1dth 0 04 cm or larger. The normally unlserate rays of
conlfers and rays of dxffuse porous woods .at 0.001 to 0 .002 -
cm w1de (Esau 1977) are too small to be incorporated 1nto the .

tangent1aL longztudxnal model. Both models apply to conxferous

 wood. They should also be app11Lab1e to porous woods where t

»

the nonconvect1ng mater1a1 between vessels 1s sufflcxently
thin for a negllg1ble "te" (cr1ter1a from Eq.‘18 P 29) or .
‘each vessel and each nonconvectlng cross sectlon,‘%uch as s
multlserate ray,‘1s wlde and 1nterma11y homogeneous enough

to be approxlmated by one or more nodes.

Several features are common to both models.' fnitial ands

border cond1t1ons -are set, the heat is "pulsed" at t1me t=0. o - //

tfe f1eld are\mﬁgched through tlme.n At the t1mes necessary,

p' normally 60 120 and 180 seconds, to solve the appl1cable an—':

-

. .
o1
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alytical'solution, the temperature values that exist at the'
sensor node(s) are reeorded»' The HPV or d1ffu$1v1ty value

obta1ned from the analytlcal equatlon is compared with that

1mposed on ‘the numerical solutlon to arrlve at relatlonshlps
' between the numer1ca1 and analyt1cal solut1ons that reflect

the phy31cal cond1t1ons 1mposed on the model. I have chosen
|
to retain various forms of the analytlcal (Eq. 3, p. 19) ~8solution

of Marshall (1958) to Equatlon 1, as a base for" express1ng

the numerlcalﬁresults, because they are asgconven1ent as any

L 4

and they allow myself and others to modlfy prev1ously exlstlng

HPV's w1thout recourse to the or1glnal raw temperature and/or

)
T
'

time data used to obtaln them,

" The d1menslona of the approx1mat1ng grld network were

chosen by trial. Every f1n1te d1fference approx1mat1on is: a . h ﬂ;s

A
‘compromlse between phys1cal realxty and comput1ng costs (Saul'yev

>

1964). To be relevant to th1s pbyslcal problem, the nodes were

1a1 bgpndarles. The senso:s

K

requ1red to fall on sensowff'-.

F

; and heater that 1 have usez}are 0 16 cm dlameter, forc1ng node
gpacing to be a submultxple of 0. 16 cm (the coarsest ‘that could
bbe used was 0 16 x 0. 16 cm) As the dlstance between nodes

'13 reduced ( Ax=»~0) the numerxcal solut1onbconverges‘to the

true solut1on. T settled on a mesh spac1ng of 0. 04 cm by calcul-
ating the HPV 8 from the tempetature f1e1d der1ved w1th mesh
v‘spacxngs—of 0. 16 0. 08 0 04 and 0. 02 cm. The values found =
at a spac1ng of 0. 04 d1ffered by less than SZ from those obts1ned
at 0. 02 cm.' The 0 04 cm gr1d 1s a reasonable compromlse betweend

. (7 5
" the grently 1ncreaaed comput1ng t1me at 0. 02 cm and the dxffx—

60 -
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, .
culty of adequately descr1b1ng the phy31cal dzmenalons of sensors A
" and heater in a 0. 08 cm gr1d The thermal propert1eh ‘at nodes "" T

b,

where two 6r more mater1a1s met were ageraged 1n the approprlate
spatlal d1rect1on accordlng to- the method .described by Saul'yev

i (1964)

Overall grld dlmenslons were set by 1ncreas1ng the 8128;

T

in each d1rect1on unt11 the change ceased to affect the squtlons
obtalned from sensors la6 cm above and below a heater, placed
at. the centre ‘of the gr1d The longltud1na1 dLmens1on of both
models was’ thus flxed at 8 0 cm. Tangential w1dth was s1m111ar~i
.11y set at 1 6 cm each slde of the sensor—heater plane;ujln |
the rad1al 10ng1tud1na1 model, radial depth is varied 1n accord-'
'ance w1th the. spec1f1c stem sectxoa bOundarles for the case ’.‘*
enamlned | | |

T1me steos (At) were also choaen by trial. Theoret1ca11y
the'ADI solutlon technlque is stable for .any t1me and space -,
' s@ep (Rxchfﬁyer and Morton 1967) A solut1on technlque is. .e
cons1dered stable 1f errors do not grow larger w1th each succes-t
ja1ve tlme step (Saul'yev 1964) Numerlcal solutlons of some "l: :
parabol1c equatlons with a large f1rst derlvatlve coefflclent

(1 e., the "auPC" term in Eq. I9d) have been found to he'unstable.

f\(von Roaenberg 1969) Also d1scont1nuous coeff1c1ents, such ‘as’.
vthose at wood—sensor border nodes, and the sudden 1mp031t10n of
.large temperature d1fferences, 2uch as at the heater node, may ;'
also 1ntroduce numerxcal 1nstab111t1es (Carslsw and‘Jaeger }959)
Stabxllty of the solutlon dur1ng 1mpos1t10n of the heat pulse‘. L
.was achxeved by shapzng the pulse w1th apprOprxate tlme stepr o __‘...“?.-



SO O — - - - e 1 RATIR vt e

as ‘in Figure 8. Stability in cases when sensor mater1a1 proper—
ties were vaatly different frdm"wdod'(an example would be the

alumlnum sensor materlal of Cbhen Fuchs and Green 1981) was
l . i

ach1eved by setting % t1me steps of 0.1, 0 2, 0.5 and IJO 8

at solutlon txmes t=20, 10 30 and 60 s.respectively. Stab111ty

was assumed to exist when temperatures var1ed smoothly between

t1me and space 1ntervals.
4+ Wood and bark thermal propert1es were set as funct1ona

7 <

of b881c den81ty, Pb, andﬁdry weight m01sture fractlon, Mgw. 4 p

4

- An average Pb of 0 4'g cm 3, sapwood Mgw of 0.5, 1.0 and 1.5,

heartwood Mgw of,0;4 and bark. Mgw of 0.0 were uaed for most‘ .ﬁf

slmulat1ons. Tﬁ!kmal conduct1v1t1es were calculated ‘as func- ‘ﬂ" ;o

" tlons of mo1sture content and bas1c denslty, tangent1al and

radlal from Equat1on 14 (p. 24) long1tud1na1 from Equatlon -

12 (p. 24) ’ Bark was congidered to be. 1sotr0p1c wlth conduct-

1v1ty 80% of dry wood tangentlal conduct1v1ty (Martxn 1963)
¢ »

Sensors were composltes of glass, brass or aium1num saus elect-

r1ca1 xnaulatxng materala and lead wires. Their thetmal proper-
t1es were calculated as cross 8ect1ona1 area we1ghted averagea
of the mater1ala 1nvolved Thea% thermal ptopertxea,are tab-

©

: ulated in- Appendix E. B ’:1: ""l ».lv;'.lla

e BRI - Tan nt1a1 loggltud1nal model (TLM) Ees j _? R <f_ TR

-

-ular to a radius (F1g.'7a) Sap‘.

e e

»n and 18 consadeted to be »

' un1form at all po1nts on a rad;us.- An 1nfln1te1y long heater IIQSchvdf ;
on ‘a radxus through the ceutre of th1s alzce. -Inf1n1tely Iong ' S ‘,;f
. . .; ,"‘.. wo Lt



T A e

P R T P PP TPt e s it e oo L

.

SN T —

DE
=
7.

RELATIVE HEAT PULSE MAGENITU
‘ s _ N
in

B¢/
. \
: L .

. . . ' N - . .
’ 2 L Fa i Y 3 )
NG I 7 e e T
' 8 702 @Yy &6 &8 1.8 1.2
. Y - ’ .-

1.4

v . . ) 3 ’ . .: . »’ '

. Eilvr1LJL.F11r lC]fJ ‘171 F1E:/ EiE:(:EIbJE>55 B

‘ ,» . . v . . ' ) Lo

(. | Flgure 8 Haat pulse functlon, Q(O 5 t), used 1n tangentlal-y
! longltudlnal a1mu1at10ns and Q(O,y,t) used 1n rad1al longxtud-
| " inal numer1ca1 sxmulat1ons. Q= ZtQ from t "0 to t = 0.5 s. B

\; e - Q = Q from t =0, 5 s/to t'= 1, p 8.” At aI’Ft greater than .
R 0 - Q= q /t1° DL | S L

c o . . : _ . Y :

7} .
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.

sensors, appropriately positioned to provide tempefatore rise

.

data forHsqutions of Equation,‘h -9, 11e in the'y = 0 plane.

(Only downstream from the heater for one sensor s1mulat10ns,
both upstream and'downstream from the heéter for two. sensor
simulations.) Sap flow is stopped throughout the width (W)

of a slab of wounded t1ssue enclosxng the sensors and extendlng

from the top to bottom of the slxce. Except within W, sap

flow is uniform at 811 nodes along the tangent1al axls,_although

‘ any flow dlstr1but10n that could be accomodated by the 0 04 cm

-, node spac1ng could be 1mposed on the model. Temperature‘is

held constant at I=0 at the borders of th1s model. It wes program-

med as a symmetrical half—plane,w1th the axis of symmetry throygh
the center of the heater4bensorkp1ane. .
. . o | 4 :

‘ Equation 1 is discretized in the longitudinal), y (tan- }’,

o o———

gential) directions twice as follows.

dinal. o
C R . T

'({/?At) E?C)i*k’j‘* + (Pc)u,i +% + (pc)1 k - ' N

Implicit tangential, explicit lo

- o |
1 BRI | - '_1 1
i iTien, 5 T ®ia,

" +,’ x;f’j‘_;i'r';‘:?_ 1]/(4;)2 |
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Implicit longitudinel, explicit tangential. ' ‘

(I/ZAC) [(PC) +;i - + (PC)l'F;i +;i + (PC)l !51_] ;5

BE + (PC). -% J+%] e 'T?j? )

.,Jl n+l . 1 n+1 n+1 . _ )
1+% JT1+1,J (K1+k j -%,J T + .]/(Ax) . .

\ »

[ ¢ n+ks t n+% ‘ n+%
+ Ki,j+%ri,j+1,- (Ki;j+% Ky J_;5) K i,5-%T5 /(Ay)
y § :

=

v

=~ au, PsCs(Tn+1 n+1

n+%’
i it1,j ,1 1 J)/(ZAX) * G

.

PP QU SEVE L P SR

‘(20b)

e

. . . ' : . . : ] . M
Radial longitudinal. model (RLM) " v

This model represents a vertical slice of a stem along
the radius of the sensors and heater (Fig. 7b).. It is usﬁally .

bounded on the outside by the bark/alr 1nterface and che 1nner

~ boundary lies w1th1n the xylem Sap ‘Flow is in the p081t1ve ‘ ' b

x d1rect10n, zero in bark, heartwood (and latewood 1f present)
5

is not necese§r11y un1formyat all radlal positions in the sap--

S e X b due SR 2

E] : ’ - ..‘::
wood and occursg through the ?gﬁ;;rs and heater materlals 1f . . A

4
T : N
| . .

they are present. This is a purely hypothet1ca1 model because,

in effect,” the heater and sensors are represented as 1nf1n1te1y g
wide planes 1n the varlous tlssues. The heat pulse veloc1ty’ ' ' -%
Oﬁhfif£Usivity values'derived from this ﬁodei must be combined’ ‘ . i
with those from one or more TLM sxmulatlona to portray a practlcal
_ sxtuatlon. Different. analytlcal solut1ons apply to %h1s plane
nheat source: geometry than the 11ne heat source’ Equat1ons, 4

v

-9 ECarslaw and Jaeger 1959) Plane ﬁeat source equacxeaf,
S | , ,
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comparable to eachnlrne heet source equaeion, are denoted ba

-9a, and given in Appendix A.nTemperature ie held constant o
. . - . .

at both the upper .and lower longitudinal borders.

. The border conditions at nodes representing theuinterface

of bark,_eensov and heater nodes with the~outside vorld were

set .in accordance with. the follow1ng line of reason1ng In

actual practlce, the heater, sensors, berk sapwood and heartwood

are all assumed to be at the same 1n1tia1"tempe ture. Both “

sensors. and heater extend'chrough the bark a fe ‘millimeters

into insulating material, such as fib eglass or styrofoam..

" " The heater is heated along its entire ‘tergth including that -

outside the bark. The condition, dT/dz = 0, was imposed at

heater nodes on. the outside border 80 that heat loss occurs
. -+

only to the stem layers that the hedter- encountera. Tbe.sengors

receive heat only thr

)

agh contact with the wood, bark and moving
: L]
LY
sap. The condition T/~ 0 was imposed on all sensor and bark

nodes along the outside border. I generally avo1ded hav1ng

.to set inside boundary values by programmxng it as a symmetrical
halfplane with the border of symmetry centered/somqﬁhere inside
T ' "] : ‘ ‘ . »
the stem. . R , z] l S - .
'} .
. . An 8 0 by 4 0 cm grxd with 0. 04 cm node spac1ng was the *
. /‘, >
maximim size, that could be accomodated on the Un1yers1ty of ‘
"

Alberta 8 Float1ng P01nt,System Array processor.. Most simul-

ations using Che rad1al long1tud1na1 model were done w1th theee
\naxmum d1mens1ons. : S v . . .

¢

S

Equatxon 1 (p. 18) was dlscretxzed 5p che X,z di;eccions

ﬂ' S
in the saie manner and thh the Ssame’ thermal and other phyaxcal

’,

W

eyl ae hle e a




o locat1od' ;as ass1gned the thermal properties of the g1ven

_\’A materlal The usual material for a sens ‘

s

(wh1ch is at the center of é;e probe) for the heater or sensor

>

i

n

properties as the tangentiél longitudinal model but with "z

A <
and K* replacing "y" and k% in Equation 20.

~

Heat was "pulsed"

in the manner of Figure § unlformly along the entlre radial

depth. | - ' S

‘Numerical solutions of general cases

~

The models were used to simulate a numbér of general cases,

-not related to spec1f1c 1nstrumentat10n, in order to verify

the numer1cal procedures and to separately quantify the effects

of various violations of the idealized cr1ter1a (p. 27). dince

nelther the tangent1al long1tud1nal nor radial longltud1na1

81mu1at10ns fully describe the true three dimensioﬁal situhtion;
- . o | | )

results obtained from both models must be interpreted in light

of experimental results from actual heat Pulse velocity measure-

' /
ments. These 1nterpretat10ns are. given 1n Chapter v.

In the cases s1mulate$ if Sensor and heater materials

A

are not spec1f1ed, then the word "senaor" or "heater

refers

only to a node in the finite .grid where temperature is recorded

or heat erated, The thermal propertieﬁ/é;/these'nodes were

the same as the surrOundi;g stem tissués. '

1 » ' g
If a sensgr or heater materlala are specified, then a11
9 3

of the nodes located wzthln O 08 cm of the pos1t10n specified

or was glass, for a
heater, brass.'

teus

.
' 3
L 4
N - .
. :

.\ I AT
e

UL
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Ceneral casé& simulated

1)

2)

3)

-

5)

Theore 1cal verlflcatlon of the numerital analyses
‘techn1 ue u51ng both radial long1tud1nal and tangentlal
longltu 1na1 models of sapwoged, to approximate thﬁ"L
results if aly of the 1deallzed cond1t10ns (p. 27)
were: met. '
Tangential longitudinal simulation of va;iouS'ﬁeund
yihthe\in the plane.of sensors insta}led in ;apWOod,
to ascertain the effect of nonconVeCtivewwood'oe
the solutiqns. These results ;elate to c;iterien
-3 (p. 28). .

Tangential?longitudinalﬂeimulation of 0.20 cm wound

and sensors positioned at several locations up and -

.

”downstream.from the heater,xto ascertain the effecg
o
of:sensor locations in nonconvect1ve wood in the
plane of the sensors. These resulta relate to criteria

2 and 3 (p. 27,28), N
‘Tangential and radlal longitueiﬁallsimulagien of
glass or brass sensors, brass ﬁeater,.in'sapwood

to ;scertaln the 1nf1uence of sensor materlals alone,
i. e., without the effect on nonconvectlve wood in *
thefplane'of the aensora, or the effect of heatllpbs
to the, outside, berﬁ or Heartwoqq;:lThese,fesultc
relate to criteefbn 2 ip. 27). |

Tangent1a1 longiEudlnal s1mu1ateon of wound glaee

sensor mater1a1 aqd dszerxng gensor spaclnga from

‘a brass heater, to escertaln the effect of comb1ned

LA




2

'y
the tangent1al long;tudxnal mpdel Table -2 for the rad1al longi-

ntangent1el dongltudlnal model were analysed ua1ng Equatlona,

" HPVT's are. not valld at HPVI » 0, and in any’ caae,

e r———— . - b e o = M A L L,

69

y

sensor materlal placement and nonconvectlve wood ;
in the plane\'of thé sensors. These results relate . ’ o %f.’
to criteria 2 and 3 Cp. 27;28): !

6) Radial longitudlnal simulation of the influence of‘

t1ssue borders - on the temperature field us1ng varlous

- combinations of bark, sapwood and heartwood tlssues

to ascertain the effects of abrupt changes in thermal ‘ '7h
*

properties and sap movement that occur upon the trans-

ition from one tissue to another. These results

. PRI

. H -

. -
n PR . . ool

relate to criterion 1 (p. 27).

N\

7 Radial longitudinal eimulatiqn of the effects of

alternatlng layers of earlywood wlth sapflow, latewood.

without. These results relate to cr1terla l ‘and 3

v
%

(p. 27,28).. ’ £ | : -

General case results

.
I

l‘ -9y

.Case 1, theoretical verification, no wound, no sensor o I
. material TLM and RLM. , J .
The results of th1s case are summar1zed in Table 1 for oL fif

-

tudinal model. - ,
- ‘ A N ¢ =
When the data ‘from the temperature f1e1d derlved from the . !
” ‘ .
or the radial long1tud1nal model uszngtEquatlons, 4a -
' e

€ »

9a, the resultlng HPVA or HPVS values %ere thhln 2z of those / 4\ i

1mposed (HPV;) from HPVI = 0 to 40 cm h 1., HPVM' .were w1th1n .

IZ ‘and HPVP 8 w1th1n SZ for all HPVI 8 greater then 10 cm h d

qu-erxcal

7’ .- i : e PR
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300 or more seconds for analys1s with the HPVT technlque.f

'departures from theory but a result of- the coarsness of ﬂyr

from imposed HPV 8 ‘near HPVI = 0.

- errors at low HPV's (which here are probably due to f1n1te

a to obtain HPV’s less than 10 to 15 em h 1.

-

g AP Bt ot nga s oL R

e
s i o W

solutions at HPVI's less than 3 cm h™} must be extended to ' i .- .

.

’

g | d1d not undertake HPVT solutlons at these slower HPVI's be-

P

cause the 1nformat1on ga1n would not justify the computational
cost.- HPVT'a, where obtalnable, were generally ‘the- Same as

HPVA's or HPVS's. T S e

The 1mag1nary values noted for HPVP near zéro arelnot -~

—_—

2 8 time steps used in the s1mulat1on at solutlon times greater

~

than 60 s. Ih Tables 1 and 2, the HPVP ] labled "1mag1nary ,
result from peak t1me determxnat1ons only 2.8 from the dorrect
value of tp, for the imposed HPV 6. : - . ., : S

.

‘ Analysls of numer1ca11y derxved temperature f;elds at . . -

HPVI 8 less than 3 cm'h =1 w1th Equat1on 4 (Marshall's analysis , y

method, p. 19) also resulted in minor departure of calculated
The source of these departures

was dlscovered by imposing small temperature errors, * 0. Ol oC,

‘on the s1mulated values. Such errors caused 'the HPVM's calcul-:

ated by Equat1on 4 at HPVI = O to vary from 1maglnary-to 3 6

cmh 1. Thxs oversenslt1v1ty‘of Equat1on 4 to small temperature

~.

dlfference truncation error) occurs in practice as well and
‘

th1s was acknowledged by Marshall (1958) He suggested that

s \
two sensors, equally spaced, (HPVS, Eq. 6, pP. 21), be used
Apparently the
two sensor conflguratlon w1th unequal spac1ng (HPVA Eq. 9,

p. 23) is also less sensitive to such temperature errors.




. . , e
. N
Y . .

Long1tud1nal dlffu51v1ty,AD1, as calculated us1ng Equatlon

5 (p 21) or S5a (p. 237) and data from the numer1cally gener—- -

“
. . [T
T e et et gt e i e N+ K

‘ated temperature fleld is exactly the same as that 1mpos§d_

for all HPVI less than or equal to 30 cm h l.' At HPVI = 40

cmvh l and at wood moisture content 0.5, the calculated B

is 4Z%. less than that 1mposed whlch probably 1nd1cates som ﬁ

approxlmatlon error due to the f1rst derlvatlve term. However, ] ) o

. -

- the d&ffu31v1ty equation appears to be far less aens1t1ve to

N

small temperature errors at HPVI = 0 than is the HPVH equat1on

(Eq. 4, p. 19), which uses the same temperature ratios. ) N

The departure of HPVP calculated from HPVI's near zero

and the long simulation dyrations needed to resolve HPVT 8

at HPVI's near zero, impoaed economical restrictions on gener-
. . . . v ) L. - - . i
ating numerical temperature data for these solutions. " All . : 4
of ‘the other solutions,.HPVA,‘HPVM, HPVS and D{; can. be .obtained

at specified time intervals of 60, 120 and 180 s, and the dura- T

. . . s . , . <

_tion of a simulation run does not have to be extended beyond
180 8 to incorporate HPVI's near zero. Since all of the sol- S

utions are approximately equal, I will use the HPVA, HPVM, "~ : A

HPVS and D1 solut1ons obta1ned from temperatures at slmulat1on

times 60, 120 and 180 aeconds, unless otherwxse noted (e g

v’

HPVT in case. 6) in presentlng numer1car1y derived results

throughout the remainder of this the31s. AN L . o

Case 2, wound alone, TLM

The effects of wound widths Q,Oé to 0124 cm are shown
“in Figure 9 and Figure 10. The magnltude of the effect on:

calculated HPV varies cons1derab1y between the one and two

&
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or HPVS's measured at (-0.48,0,0. 96 cm) or at (-0. 96 0,0.96
cm). The dashed line is ]: 1., These simulation results indicate
that any width of nonconvectlve wood in the plane of the

. heat pulse probes is a .8ignificant violation of the 1dea112ed
‘assumption regardxng thermal homogene1ty (cr1ter10n 3, P- 28).
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~

'73z of HPVI at 40 c¢m h~! (F1g. 9) HPVM ER depart from the - )

5

sensor measurement conf1gurat1ons. HPV 8 determ1ned w1th elther

.of the two sensor conflguratlons (- 0 48 0 0.96 cm) or (-0. 96

0 0 96 cm), depart from the 1 1 11ne at w =.0. 04 cm where calcul—

ated HPVA or HPVS are only 922 of HPVI at 5 em h =1 and'only .

1:1 11ne with 1ncreaslng wound w1dth too (Fig. 10) but,'at

w = 0. 0& cm, ‘the calculated values at e1ther 0. J% or 1. 44 ¢m
are better than 901 of 1mposed even at 40 cm h 1.‘ At wo&ﬁh y
w1dths that ‘would be meosed by any pract1ca1 1nstrumentat1on, <

i. e., 0. 08 em or greater, the depqrtures of calcu;htequPVM 3

P .
from HPVI are too great tGV1gnore. These slmulatlons clearly

1nd1cate that all 1mplanted ‘HPV. 1nstrumentat10n used to date1
has v1olated crlterlon 3 (p. 28). -

The presence of nonconvectlng wound t1ssue affects ‘the | _n, .
temperature d1str1but10n through t1me in such a manner ‘that |
analys1s of the numerlcally generated temperature field at -
d1ffer1ng t1me'comb1nat1ons y1e1ds d1ffer1ng heat pulse veloc—
ities or long1tud1na1 d1ffus1v1t1es ‘(Table 3) HPVS' s'calcU14'

ated ftom temperatare ratios ‘at 30 seconds are only 60 to- 652

.- 7
7 h‘

of thoae calculated from temperature rat1os at 90 seconds. ‘
Similiar d1fferenges ex1st uslng ratios taken at 60 versus

180 aeconds. The HPVA equat1on is not -as sens1t1ve t0\solutidn

f

times as e1ther HPVS, HPVM or D1 : -

.

Long1tud1na1 diffusiyities, Dl, are affected by increasing

wound width) decreas1ng from equal to. ;mposed at HPVI = 0

to 802 of 1mposéd at HPVI = 40 at all moisture contents when

W= 0.16 cm or more (Iable 4). Such variation raises a ques-

. -

B W

7%
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tion as to whlch d1ffu51v1ty should be used in the dlffuslvlty
?

dependent equatlons, HPVS ahd HPVP Leyton (1967) and Cohen ‘ ‘ ?"
and others (1982) used D1 obtained when - sap movement was assumed

.to be zero. The values for e1ther HPVS or HPVP in‘the above

i

‘tables have been calculated with D1 obtalned from temperatures S

measured at the downstream -sensor and at the imposed HPV.
Slnce the effect of wound must be accounted for in.any practical - s

L

app11cat10n of the heat pulse veloc1ty technlque, the conditions

hl .
of measurement, 1.e.‘the times used in the solution of Equation .

v
: ©

5 (p. 21) for Dl, and’ whether taken at ‘zero or at current sap
movement, must also be spec1f1ed in def1n1ng any - useful relation-
shlp between D1 or HPVS and HPVI. Also,'lt should be noted

4 : & ‘

T

‘that a temperature-increase will always‘be registered by the .

downstream sensor so that it is always possible to calculate

D1 with downstream temperature'data. ‘The same can not be said

for upstream temperature data. High rates of sap movement may

N

carry the éntire heat pulse downstream 80 that no temperature

rise ever occurs at the upstream sepsor (Miller and others .

- 1980).
Since calculated HPV's and ﬁ;'s do vary with the times-

used in their solutions, there are numerous combinations that

can be displayed. Marshall (1958) used temperature data taken

&t l-minute intervals. Th1s is as convenient a time interval
’ . ’ 3 1 . LA

as any. Unless otherw1se noted, all subsequent HPVM or D C

values 1n‘thls chapter have been calculated from temperature

-data taken ‘at 60 second intervals, i.e. 60, 120 and 180 8.
. . S
HPVA's. will be calculated from temperature ratios at 60 and
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120 s; HPVS's: from temperature ratlos at 120 83 both HPVS and

- HPVP from DL 4t current HPVI with. data from the dowﬁstream -43; "_A .

sensor. o » i .
K ] » .

Case 35 W= 0.20 cm, several senpor conf 1gurat10ns, TLM

‘,.; i : 4 . B
leference 1n separatlon from the heater in the conflgur—

\ v
ations with two unequally spaced sensors appears to be a very

1mportant con31derat10n (Flg 1), The slmulated results are
of varlous aaymmetrlc sensor spac1ngs that have been Suggested

by v Qu5'aUthors,[e; g:‘f0.3,0,0.8 cm (Gifford 1968); -0.5,0,

N Swanson 1962); -0.5,0,0. 75 cm (Swanson 1967b); -o0. 5,0,

(Closs 1958 Swanson 1962, Decker and Skau 1964, Doley o . R

and Grieve 1966 Hlnkley 197la Morlkawa 1972)' ~0 7, 0 1.0 cm /(i

s LY

(Morlkawa 1972 Lassole, Scott apd Fr1tcshen 1977) and two ' -

-

spac1ngs (-o. 5 0,1.5 cm) and (-1. 0 0,1. 5 cm), that have not

appeared in any pub11cat10n. The sxmulated results from all

configurations dxffer (an ll), and in general the smaller

the qifference in spac1ng éron.the heater of the two temperature-

sensors, the greater the departure of ,calclulated from 1mposed

ﬁPV. This 1nd1cates an 1nterract1on between wound and sensor

epaclng-that is unrelated touthe'presence of sensor materials.i
Spacing does not appear to be as cr1t1ca1 in e1ther the

two sensor symmetr1ca1 or’ the one sensor conflguratlons,las

in those asymmetr1ca1 (Table 5). When,seneor spacing was in- “

creased from 0.96 cm to 1.44 em,;HPVS'a.inereaaed by about

12X, HPVM's by 5£ and'Dlha hy'léz.x HPVP's were inclnded in - "r o ¢

this analysis because Cohen and others (1981) indicated that .
| . v
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- Figure 11. Influence of sensors placed at various spacings. Wound
=.0.20 cm, no sensor material, tangential-longitudinal model. .

(A) (-0.5,0,0.6 cm), (B) (-0.5,0,0.75 cm) or (-0.7, 0,1.0 cm),

(¢) (-0.5,0,1.0 cm), (~0.3,0,0.8 cm) or (-1.0,0, 1.5 cm),(D) (-
0.5,0, 1.5 cm). The dashed line is 1:1. These simulations indicate
an interraction between wound and sensor spacing that is unrelated
to sensor materials, :
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'<_a spacing'of il?‘cm[ﬁonld be optimal The data of Table S

‘ ?:[oﬁ** supports the1r content1on. "HPVP'g HPVM's and Dl's 1ncreased

x .

4

1ncreased from 0 96 to L 20°cm then when 1n€re§hed from 1. 20 v

= —.).‘. &l a

“to 1. 44 cm. Whether or not one could rea11ze thls;1mprovement .

™ in actual practiée is debatable because the temperq;ure sxgnal

_’,. ;71-

that one has to wor}.wath rs mpch,reduced -at 1 44 cm compared

" to that- at 0 96 cm from the heater. T

Tt B . . 1,

Case 4, effect of g ass- and brass sensor mater1als,

TLM and RLM

RS . : Y, E

In these slmulatxéns (Table 6 7), sensors of the indicated

materials were located both up and downstream from the heater.

P

The Rres@hce of xhe upstream sensora1s therefore reflected in
I L :
: the one sensor HPVM and D1 results and most notlceable vhen‘

g

L - - o . . . e, ﬁ

-1t wgs brass. PR

N
Jn,'-

¥ . - These results- clearly demonstrate that sensor mater1a1s

‘are 1mportant v1olat1ons of pr1ter10n 2 (p. 27) .at lesst with
B o
the t&o sensor1:onfnguvatxons.. In the tangentasl long1tud1na1

1 o - e .

sxmulat1on results (Table: 6), HPVA 8 were 20 to 252 less than

e

*:'\,1mposed andMeVen s11ght1y negat1ve at HPVI = 0. HPVS's were,

Aalzj- also 20 tb 252 Iess than 1mposed but, beoause of symmetry,

Yo v

;r

-

HPVI! 8 less than 5 em h 1, but ‘were - better than 902 of 1mposed_ y

ATl L

at’ all greater HPVI 8. . ;”“H.;

PO v“that HPVA is: slrghtly more negat1ve at HPVI - 0. HPVM's’were

; . - .g_.'
. 4 .
. . ) K]

N much more when E alstanée Bétween the heater and sensor was .

were got negat1§e at HPVI = 0 HPVM 8 wyere erratlc at 1mposed f

' Pn the radlal long1tudnna1 simulation results (Table )5

~HPVA 8 and HPVS‘sswere as in- the TLM results (stle 6),'except

.83
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again errat1c (Table 7) ‘at imposed HPV's less than 5 cm h -1

and were approxlmately 752 of rmposed at Mgw = 0. 5 902 at

: Mgw = 1. S. This dependence on m01sture content was much less

pronounced in the TLM. results (Table 6)

'

Calculated d1ffus1v1ty values were lower at low moisture

t

contents - and higher at high moisture contents than in the "no

sensor"vsimhlations.. It appears that if dlffu31v1t1es are

:fused to" ‘estimate wood moisture content,

the estlmates w111

be too- hlgh at low moisture contents and too low at- high moisture

contents. Therefore some correction for sensorxgpterlal may

be required. Both sensor materlals and both models (Tables

6, 7) behaved approximately the same in- thls regard

BN

. Case 5, TLM, comblned effects of wound, glass sensor'

materials," brass heater at_four semsor conf g rations

These 81mulat1ons descrlbe practlcal heat pulse velocity

probes implanted ent1re1y'1n sapwood The results (Tables 8,

’

9) should approx1mate those obta1nab1e at the center of 2 cm

of sapwood in conlferous or dlffuse porous woods.

The results

1ntegrate the comb1ned effects of sensor materials (Crlterlon

2, p. 27) and nonconvective wood in the plane of the sensors

(Crlterxon 3, p. 28).

The ressits with the asymmetricsl configurations (stle

.8) 1nd1cate that the effects of sensor materlals that were .

noted” in Case 4, are largely overshadowed by the effect of

nonconvectlve wood For example,

with sensors conflgured (-

z

0 48 0 0. 96 cm) ’?t W= 0. 20 cm, no sensor, the HPVA'sg obta1ned

at HPVI = 40 em b (see Table 3, column 4, p. 77) were

»

\
\ ¢

B g s

86
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Table 8. Infiuence~of glass-sénsor, brass heater material and 0.20 cm\
- wound on HPVA, HPVM and longitudinal diffusivities with asymmetrical

" 4sensors configured (-0.48,0.0.96 cm) and (~0.96,0.0.96 cm). HPVA's
calculated from temperature data at 60 and-120 g. HPVM's and longitud-
inal diffusivities calculated from temperature data at 60,' 120 and .
180 's. Values for HPVM marked "im" are imaginary, i.e., the square
root of a negative number. - ’ '

(-0.48,0,0.96 cm) (-0.96,0,1.44 om)
HPVI' HPvA  mHPvM bl wp  pl 4 HPVA. HPvM  pl up . plog,

D @ & T T e oy B T

Imposed Mgﬁ = 0.5, pl - . 0024

.0020 .0022 -0.

0.0 -0.3 3.2 1 im .0022 .0022
5.0 2.9 3.1 -0020  -.0022 " - 3.2 im .0022 .0022
10,0 5.6 6.1  .0021 .0021 6.1 3.4  .0023 .0022
20.0 10.1  12.9 .0021 .0020 10.9  12.1 °  .0024 +0021
30.0 13.7  19.2  .0020 .0019 14.7  19.5 .0024 .0020 .
40.0  16.7 24.9 - ,o018 0018 17.8  26.2 .0024 . ,0020
30.0  19.4  30.0 *.8017 .0017 20.7  32.3  .0024 .0019
60.0 22.0  34.6 .0016 . .0016 23.2  37.9 .0024 - ,0019
s Imposed Mgw ="1,0, D1 = .0018
0.0 0.3 im  ,0017 . .o0018 ~.02 im . .0018 .0018 -
5.0 3.0 im .0018 ;0018 3.3 . im .0018°  .0018
10.0 5.9 " 5.2 -,0018 .0017 6.2 im .0019 .0018
20.0 10.6 . 13.0° .o0018 .0016 11.0 11.8 .0020 0017
30.0 - 14.3° 19.7 - .0017 -0015. . 14.9 19.7 <0020 .0016
40.0 17.4° 25.6 L0016 -0014  18.1  26.7 .0021 °  ,0016
50.0 20.3  30.9  .0015- '.0014 21.0 33.0 .0021 .0016
60.0 23.1  35.6  ,0015 .0014 23.9  38.6 .0021  .o0016
Imposed Mgw = 1.5, D1 = .0015
0.0 -0.3 im .0015 <0016 ~0.2 im - .0016 .0016
5.0 3.1 im .0016 .0016 3.3 im .0016 .0016
10.0 6.0 4.6 .0017 . 0015 6.3  im .0017 .0015
20.0 10.8 13.0 .0017  ,0014 11.1  11.6 .0018 .0015
30.0 4.6  20.0 .0016 0013 15.0 19.8 _ .0018 .0014
40.0 17.8  26.0  .0015 . .0013 8.2 27.6 ° .0019  .o014
50.0.  20.8  31.3 .0014 .0012 21.2  33.3 .0019 .0014%
60.0 23.8 24.3

36.2 .0014 -0013 39.0 .0019 . 0014

Units: HPV cm h_l, D em? 71
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-Table 9. Influence of glass sensor, brass heater material and 0.20 cm
- wound on HPVS, HPVM and longxtudlnal dlffu31v1t1es with symmetrical
sensors configured (~0.96,0.0. 96, cm) and (~1.44,0,1.44 cm). HPVS's
- calculated from temperature ratios at 120 s. HPVM's and longitudinal
diffusivities calculated. from temperature data at 60, 120 and 180 s.
Values for HPVM marked "1m are imaginary, i.e., the square root- of
a negative number. . f'

(C0.96,0,0 96 &) (-1.44,0,1.4% o)

HPVI- HPVS HPVM D! up - D! dn HPVS HPVM. D! up D! dn
(1) (). &) ~(5) 6 @) €8 (9

Imposed ﬁgw = 0.5, D = .002@;//

im” .0023 . 0023.

AU S W N

DN WN e

0.0 0.0, -3.8- .0022 .0022 0.0
5.0 2.7 3.8, .0022 .0021 2.9  im * .0023 . .0022
+10.0 5.2 6.5  .0023 . .0021 5.7 3.2 :.0024  .0022
20,0 . 9.7 13.1 -0024  .0019  10.8 12.1 .0024 0021
30.0 . 13.4  19.4  .0024 -0018 *  15.3  19.5 . .0025 - .0020
40.0 ° 16.3 . 25.0  .0024 .001 19.1  26.2  .0026 .0020
500  18.6 30.1  .0024  .00f6 22.4  32.3° - .0026 ..0019
60.0 ° 20.6 34.7 .0024 .0016 25.3 . -37.9. . .0026 .0019
Imposed Mgw = 1.0, D1 = .0018 s
0.0 0.0 im 0018  .0018 0.0 im  .0018  .0018
5.0 2.9  im  -..0018 .0017 3.1  im .0019  .po18
0.0. 5.6 5.0 .0019 - .0017 6.0 - im .0019 .0018
0.0 10.4 12.9 .0020  .0016 11.3  11.7 = .0020  .0017
0.0 . 14.1 19.7  .0020  .0015 15.8  19.7 " .0020  .0016
0.0 17.1 25.6  .Bo21 .0014 19.6 26.7  .0021-  .0016"
0.0,  19.6 30.9 .0021 .0014 22.9 33.0  .0021 .0016
0.0 21.8 35.6  .0021 .0014 25.8 °38.6 . .0022  .0016
Impqsed Mgw. = i.S, D1 = .0015
0.0 0.0 im .0016.  .0016 0.0  im .0016 ' .0016
5.0 3.0 . im .0016;  .0016 372 im  .0016  ,0016
0.0 5.8 4.2 .0017]  .0015 6.1 im  +.0017  .0015
0.0 10.7 12.9 .0018  .0014 "11.5  11.6  .0017 .0015
0.0 14.5 19.9  .0018  ..0013 16.0 19.8  .0018. .0014
0.0 17.5 26.0 .00l .0013 19.8 27.0  .0018 -0014
0.0  20.0 31.3 .001 .0012 23.1 -33.3  .0019 0014
0.0  22.4 36.2 .001 70012 26.1 39.0  .0019 ° .0014
Units: HPV cm h~ P cm
i
// g’ ’
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18.0, 17.6.and 17.5 compared to&m‘g«7, 17.4 and 17.8 cm h™}
. R v
(at Mgw = 0.5, 1.0 and 1.5 respectively) .with both sensor mater-

«

ials aﬁd wound (column 2, Taﬁles%%}.'(l did=not pefforﬁ simi-
* ’ . 8 : -

liar "no sensor™ simulations to com are with those confignred
P ! ! i

e
: "‘\%

-0.96,0,1.44 cm). The effect of sensofmahﬁeriai is such 'that ;
the HPVA' and HPVM at Mgw = 1.5 is sl1ght1y greater than that
obtained at Mgw = 0.5 (Table 8, columns 2 and 3,6 and 7)

.the opposite occured in the "no sensor" s1mu1(§10n (Table 3,

:°

%2 :
The results with the symmetr1ca1 conflgura%&bns (Table- 9)

;4

are much the game as with those asymmetrical. Theﬂtomparative

column 4 and 13)

""no sensor" simulation results are given in Table 5. -
The effect of sensor materials on longitudinal fhetmal dif-

B fusivity, Dl, 18 to reduce the magnitude of the value q’!culated

e
in dry sapwood (Mgw = 0.5), and to. increase its magnxtude 1qrwet

DS

sapwood (Mgw = 1.5). This sen81t1v1ty to sensor mater1als may ‘. .
be. important if D1 and Pb are used to estimate sapwood m01sture

) content w1th Equatlon 17 (p. 26) Also; Dl's calculated with

s

-~. e <

‘temperature data from the up and doﬁnstfeam sensors were different
dependlng upon spacing and 1mposed HPV (Tables 8, 9; columns 4

and 5, 8 and 9); the value obta;hed from downstream sensor data
became smallef, that from the upstream sensor larger, as HP&I

was 1ncreased from. 0 to 60 cm h 1. However, the average of

the les obtained from the up and'dowﬁstream sensor data was
fairly ciose’to that obtained at’HPVI'= 0 at all greater HPVI's
with both,symmgtfical sensor arranggments (Table 9) and the

asymmetrical one (Table 8) ;onfigured‘§—0.96,0,l.44 cm).

DR VS
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" Case 6, effect of stem tissue borders, RLM oﬁly

Th1s gryup was ‘divided into f1ve subcases. In eaeh, I
. applied the RLM without sénsor or heater materlals to several
| "stem radii" composed of differing arrangements'of.bark, sapwood
and hearthod. ?Qeee vere: o o : S I
a) Bark; sebwood, no, heartwood.
b) sapwood, heartwood, no bark.. = c : ' f‘j
c) Bark,. three eentimeters.of sapwood,. heartwood. =~ . . R
d) Bark, two centieeters of‘sapwood,.beartwood{
e) Bark, one centimeter of sapwood, heartwood.
Iﬁ eaeh inetance, bark andIheartwood‘moisture'centents were
held constant at 0.0 and 0.4 (moisture fractibn; dry weight .
basis) respeétlvely while sapwood moistiure content was varied
from 0.5 to 1.5. Unrform heat pulse velocities were 1mposed ’_{
across the sapwood. My rationale for imposing uniform HPV' 8 o :
; — . |
across the entire sapwood was to make these results a standard . - I :
set against which to compare other, posslbly more’ rea118t1c, - ' ' i

distributions (e.g. Xylem flow structqre, p. 128). Sap.move-

. ‘ |
ment in the bark and heartwood was considéred to be nil.

Y LAY na

The results for each subcase are presented on three graphs: ' o

RAP TR 2 PSRN A

1) Longitudinal diffusivity, Dl, HPVM and HPVA at HPVI

= (0,

.
o s gmss

L]

’ ' ) p
2) HPVM at each of the three moisture contents and at . . ’ _ ]
¢ . HPVI's from 5 to 30 cm h-l.

"3)  HPVS and HPVA at HPVI 8 from 5 to 30 cm h- 1.

HPVS has not been presented at HPVI = 0 because it was

RN

alwaye uero there. HPVS 8 and HPVA's were only marglnally d1f-




]
i B T i g ST e T B

ferent at the ‘three m01sture contents; therefore only those

obta1ned at Mgw = 1.0 have been dlsplayed HPVM's varied the

most widely among the subcases. ‘Thus it has been d1splayed at .

3

all moisture contents and HPVI's. Hpvp"' s, where obtained,
behaved similiarily to HPVM's and the HPVM traces can be con-

sldered as applicable to both. Between HPVI = 5 and 30 cm h 1,

" HPVS traces can be conSLdered as. applicable to HPVT s as well.

 Case 6a, 0. 32 cm bark 3. 68§cm sapwood,‘no heartwpoﬂ

These results are.shown in Figure 12, Figure 13 and Flgure :
14. The presence of bark and the heat loss through it are ev1; '
dent in all traces. At HPVI = 0 (Fig. 12), longitudineLﬁdiffus—
ivity is affected to a depth of 2.0 cm at Mgw = 0.5 and to 1.0 cm
, at'MgwA= 1.5. HPVM's ere greatly in error at depths iess than
2.0 cm; ranging from.9 EO‘IS cm h-1 at the bark/sapwood inter—
‘face to 1mag1nary between 1, 6 and 2. 0 cm deep. HPVM's are closer“

to those 1mppsed'at HPVI's greater than 5 cm h° (F1g. 13), but

are st111 sériously in error at depths less than 2.cm at the

" "lower HPVI' 8. o ‘ o ' ‘ -

HPVA's at HPVI = 0 are 11tt1e affected by the bark/sapwood
border (F1g. 12). At HPVI.Q of 5 to 30 em h l, both HPVA and
HPVS are relatively” stable and calculate the same as HPVI at

'depths greater than 1 O cm (F1g. 14). - o

Case 6b, no bark 3. 32 cm sapwood, 0.68 cm heartwood

These results are shown in Flgure 15, Figure 16 and Figure
17. At HPVI = @ (Flg. 15) 10ng1tud1nal d1ffus1v1ty is affected

by the sapwood/heart -wood 1n£erface at .1.3 cm from it.. HPVM's

a

s 5’?&'*"6?--“#ﬂwﬁme‘.,xﬂ,,ﬁ._M‘_ ; R it ekt L LN AT
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Figure 12. Influence of stem tissue borders on heat pulse calcul-

ations of longjtudinal diffusivity, HPVM and HPVA at HPVI
'=-0. Radial-longitudinal model with 0.32 cm bark, 3.68 cm
sapwood, no heartwood. Sapwood" moisture fraction (dwb) (A)
0.5, (B) 1.0, (C) 1.5. B . '
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Figure 13. Influence of st

B8 a4y @8 1.2

DEPTH INTD STEM, CN

N 4

Radial-longitudinal model with 0.32 cm bark, 3,68 cm sapwood,

-"no heartwood. HPVM'
20.0, (D) 30.0 cm/h.

8 at HPVI's = (A) 5.0, (B) 10.0, (¢)

em tissue borders on HPVM calculations.
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VALUES CALCULATED FROM NUMER | CALLY EENERATED TEMRERATURE FIELD

) 94
43 . B8
8/5
]
N
[}
H
W )
x 1 1
T . | I ‘
N\ \ ]
S =mmt /| (s
N\ 1 "
i o /
> . (I
18 ' | i :
T . | , e
mmi ! Bk : i L
| ()
, - :
. | . ) . .
e +—14 ¢ — —t
yg,
W —as
]
[
{
A ) ! R
.; g : .
. i P : . ‘)
g 30.20 : S D
I
N .
p 1
v '
S |
- . ,
> 2mi" .} - (0
t‘ . . _;‘..“ .
! A
oz !
m 1
i1 |
I gt | 8)
/r ’7
! - {R)
]
. . .
a.m ‘% f 'y 2 ' 'y .8 e ..

9.8 8.4 BB 1.2 (.6 2.8 2,4 2.8 3.2 35 4.4 .
DEPTH INTO STEM, M :

Figure 14. Influence of stem tissue borders:-on HPVA, HPVS and - - - :
'HPV'I_‘ calculations. Radial-longitudinal model with 0.32 cm = - R )
bgrk, 3.68 cm sapwood, no heartwood. HPVA and HPVS at éapwood D
moisture fraction 1.0, HPVI's = (A 5.0, (B) 10.0,. (c) 20.0,.
- {D) 30.0 cm/h. R o :

2

-




R T S

éNEHHTED TEMPERATURE FI1ELD

-

VALUES CALCULATED FROM NUMERICALLY &

_A_;__,_,";.;,.m-,w.»;..:mws»:vw«;‘.'?ﬁ!%‘ﬁi"»f?fl‘ﬂ'-?"’?ﬁf’t‘.-;‘fr‘:‘-‘-*:«.fsz*-‘-‘aé-vfxré;.»--.:,‘, R - s o R e e e et
‘ " 95
18.89 : — .
. . : S/H
v l‘
T S.EB | '
X 1 .
z . \
2.m8 -t —— *_-’ﬁ
\ S 1 .
14 i
> . H p
L sm } !
. \
* - $
ot !
| 4 e ry 4 Y v e L. g |} Y
'!l.ﬂﬂ L i T T ¥ . 3 4 T
28,80 -
e S/H
- o X i
t
4 , 1
{ ‘ i
T I18.84 4 1
v '
1
s 5.88 ¢ !
>
o __.-==;;:.—~.\~~ :
I g.gn 4 : I
1
- . L -
~5.08 e Tyt
V. B.Bd38
ul : S/H
n )
Ny o
s 0.8
v .
. [}
> i
> B.gEam -4 _ :_
> : . N :
- : Q) 1
In §.1815 ¢ i
u | : i
e !
a 8.m1a + +—t + + + ¥ +——4
2.2 2.4y @a.8 1.2 I6. 2.8 2.4y 2.8 “d.2° 3.8 4.8
o DEPTH INTO STEM, CM :

Figure 15. Influence of stem tissue bérders dnfheat pulse calcul-

ations of longitudinal diffusivity, HPVM and HPVA at "HPVI..

= 0. Radial-longitudinal model with no baxk, 3.32 cm sapwood,
0.68 cm heartwood. Sapwood moi3ture fraptioﬁ1(dwb)'(A)'0;5;“
(B) 1.0, (C) 1,5.: . »

. P ' o o



VALUES CALCULATED FROM NUMERICRALLY EENERATED TEMRERATURE FI1ELD

{

96 /"

R
'3, oa ——— e —
“ SAPHIOD- MOISTURE .CONTENT= 0.5 . W
o . ’ : . 2 |
% 3.0 ¢+ B . .
3 | N
v 8.8 19 \ -
>3 |
>
L jggg & |
oo (/) .
B.89 . 8
Ya.gm .
[ 4 m.n 4_"’ °
S o
5 R Y SRR
Y amio RERETR
: | Vo
2 o m \ .
L inem 2
- 0
8.8% L e e E e LU * ]
m‘m ' .-\‘ . : - - .\'. '» ) . -
| SAPHODD MIISTURE ANTENT= 1.5 S/H . i
% - 30.pm 449 ¢ 3
S\ ‘ ?
M LR j
Y amie
\
;: .
S remm B
Ll
a.a —
g a4 @8 1.2 (.6 2.8 2.4 2.8 3. a’ 3 6 4.8 )
DEFTH INTD STEM, <M - T iga
: Flgure 16. Influence of g&gm tissue borders on HPVM calculatxons.. T

Radial-longitudinal “wodel with no bark, 3.32, cm sapwood,

0.68 cm heartwood. HPVM's. at upv: 8 = (A) 5 .0, (B) 10. 0,

(c) 20.0, (D) 30.0 cm/h.




EMPERATURE FiELD T

%

VALUES CALCULATED: FROM NUMER! CALLY GENERATED T

B S

HRYA, CM/HR
7

-

m
&
°
+
o,
+
L
ol
oo
o
o+
L

i

NI

. HFVB)HEVT_CH/Hﬁ f'l'~”
o
8

w -

B

ey

‘-m — f _"-i — 4— + ;('-‘""’” -1|~ .1

9.8 84 8.8 1.2 1.5 2.8 2.4 zsaz as
- 'DEPTH INTO sr:u, < |

£F1gure 17 Influence of . stem tlasue borders on HPVA, HPVS and

'~;(n) 30 0 cn/h

HPVT” calculat1ons. Radial- long1tud1qp1 model with no bark,

q'a

332 ca sapwood, .0.68 cm heartwood - HPVA ‘and HPVS at aapuood'_.
Qm01sture fractlon an.L HPVI 8 = (A) 5. 0. (B) 10 0, (c) 20.0,

<.

Bl

MR BRI 0 e Ter s tne e e



-

are 1nf1uenced by the heartwood at 1.2 cw deep, 1 e., 2.12 cm fro&
‘the sapwood/heartwood 1nterface. HPVA 8 1n ‘the sapwood are only

mildly affected by the sapwood/heartwood border, hut tend toward -

—
slightly negat1ve values (ca. =0.4 cm h 1) in the heartwood

At HPVI's from 5 to 30 cm b1 (Fig 16) HPVM's in the
sapwood are relat1ve1y free of the influence’ of the sapwood/'
'heartwood bcrder only when HPVI's are greater than 10 cm h -1
and at d1stances more than I, 2 cm frOm'lt. Both the HPVA and
HPVS conflguratlons give HPV values nearly equal to HPVI up

to 1.4 cm from the sapwood/heart—wood border (Fig. 17) Near

this border, HPVA's range from much greacer7co less than imposed.

In the same portion of the sapwood, HPVS's decline more or
less linearly into.the:hearcwood. ) S ’
;heAsimclations were extended to 60 cmvh-'y1 to further
document the erratic behavior of HPVA neer the S/H border.
Similiar erratlc behav1or was found to occur with the HPVS,
HPVM and D1 solutions as well (Tables 10 11). HPVT values
were unaffected by this border (Table }2). The tz csed:in the .
HPVT equation (Eq. 9, p. 23fibec6mesvsméller as HPVI ianeaqes
(tz at HPVI = 10 wec 86 s, at HPVI = 60, 14 s). This suggests
that temperatures measured at’ shorter t1me intervals, e.g."
30,60 and 90 s, might produce more stable results than those
d1splayed (at 60, 120 and 180 8). Thls is 1ndeed the case.
The resuIta with 30 8 t1me 1ntervals (30 60 90 8, Table 10)

indicates that HPVA still becomes erratic above HPVI = 50 cm h-

o .. < e

4 However, when HPYS and D1 _are calculated from temperatures

. ':w{ o oe e

taken at 30 s 1ntervals, thelr values are’ stable at all p01nts;' N

,,,,,,,
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Table 10. Influence of sensor position with respect to the sapwood
heartwaod border, dnd time intérval used in the solutions to the equa-
tions HPVA, HPVM, HPVS and longitudinal diffusivity. Solutions obtained
from temperatures at 60 s intervals, i.e., 60, 120 and 180 s from
initiation of heat pulse. Solutions times used: HPVA 60, 120 8; HPVM
and longitudinal diffusivity 60, 120 and 180 8; HPVS from temperature
ratio at 120 s. Radial longitudinal model, no wound, no sensor matér— -
- ials. Sapwood Mgw = 1.0, Pb = 0.4; "heartwood Mgw = 0.4, Pb ='0.4.

AU LN~

PN ETWON -~

Depth In sapwood & S/H- - - ___In heartwood
"HPVI ~ 1.6 . 1.2 0.8 0.% 0.0 0.4 0.8 1.2 1.6 cm
(1) (2) (3) (4) (5) (6) (7 (8) (9 (0
4 HPVA L,
0.0 0.1 0.2 0.3 0.4 0.0 ~0.2 0.0 0.1 0.2
5.0 5.0 5.0 - 4.8 4.4 3.1 1.0 0.3 . 0.2 . 0.2
10.0 9.8 9.8. . 9.6 8.7 6.0 2.1 0.6 0.2 0.2
200" 19.5 19.6 7 19.9  19.0° 11.4 3.9 1.2~ 0.3 0.2
30.0 29.2  29.7 32.7 37.8 17.0 5.2 1.6 0.4 0.2
40.0 39.0 40.8 58.2 484.3 26.8 6.0 2.0 0.5 0.2
'50.0 48.9  55.9 -= =27.0 83.0 6.4 2.3 0.6 0.2
60.0 59.7° 99.1 -28.0 -8.7 -36.1 6.5 2.5 0.6 0.2
| o HPVS _
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5.0 4.9 4.8 4.6 3.9 - 2.8 0.8 . 0.2 0.0 0.0
0.0 9.7 9.6 9.2 7.8" 5.3 - 1.6 0.3 0.0 0.0
0.0 19.4  19.3 18.4 15.4 9.5 2.7 0.6 0.1 0.0
0.0 29.2 . 29.2  27.7 22.4 12.5 3.4 0.8 0.1 0.0
0.0 . 39.1 39.8° 38.0° 30.6 15.6 © 3.8 1.0 0.2 0.0
0.0 49.7 52.9° 56.5 54.3 21.7 - 4.0 1.1 0.2 - 9.1
0.0 62.37 80.8 353.3 -212.6 46.0 4.2 1.2 0.2 0.0 °
‘ ' HPVM '
0.0 0.8  im im 3.9 1.6 4.3 7.1 7.2 .s.5
5.0 5.1. 3.9 4.4 6.5 4.0 im 6.5 6.7 5.4
0.0 10.0 9.5 9.6 10.1 7.7 im 5.2 6.2 5.2
0.0 19.7  19.4 18.9 18.2 15.2 5.5 . 3.3 5.3 4.8
0.0 29.5 29.1 28.3 26.6 22.1 - 11.6 4.4 4.6 4.5
0.0 39.4 739.1 38.1 35.¢ 28.3 16.0 7.0. 4.4 4.3
0.0 49.4  50.00 51.3 49.7 34,9, 19.0- 9.5 - 4.8 4.2.
0.0 60.2 66.7 128.9 im - 47.4 21,0 11.5 5.5 4.1
. i ’ Longitudinal Diffusivity ‘
0.0 -0017 ,0017 .0017 .0017 .0021 .0027 .0026 .0025 .0025 R
5.0 0017 .0017 . .0017f~.oo;a-gr.Qoz1.a;booz§>;,0926-onozsv..oozs;-,.f:-r s
0.0 . '.0017 .0017 .00l7 .0017- .. .0021 - ~0026 --. 0026 --..6025-- 0025 MR
0.0 .0017 -.0017 .0017 .0018 .0020 -0024 .0026 .0025 0025 - - - -
0:0 .. w9017 0018~ 0018 --.0019 “;0920;‘,30022‘;49025',;0025.,.oogs e
O;Q.:flibord‘}?boié’iidbfoyzfodia'f“10023«~ #0021 -.0024 > .0025 ;0025 - - -
0.0 . .0018 .0020 .0027  .0040 .. -0031  .0020 ..0024 .0025" .p025 --.
0.0 -

3

I3

[)
AN P WA

',0019,‘10027'7.0165i.;:blsaf .0068 - .0021 .0023 ~.0025 _.0025 -
© . Units:HPV-em b} p em> g7

- e .

[



Table 11. Influence of sensor position

heartwood border, and time interval use
tions HPVA, HPVM, HPVS and. longitudinal diffusivity.
from temperatures at 30 s’ intervals, i.e., 30, 60
iation of heat pulse. Solutions times

Tongitudinal diffysivity 30, 60 and 90
“at 60 s.”Radial longitudinal model, no
Sapwood Mgw = 1.0, Pb = 0.4; heartwood Mgw =

A IO RN ey iy TR e

wound

with respect to the sapwood
d in the solutions to the equa-
Solutions obtained
y and 90 s from init-
used: HPVA 30, 60 s; HPVM and

8; HPVS from temperature ratio
s NO sensor materials.

0.4, Pb = 0.4,

v D WN AV WN

ON W BY o A

- Depth In sapwood’ . - . S/H In heartwood
HPVI 1.6 1.2 0.8 0.4 0.0 0.4 0.8 1.2 1.6 cm
(1) (2) (3) (4) (5) (6) (7). _(8) (9) (10)
N HPVA T .
0.0 0.4 0.4 0.5 0.9 -0.1 0.0 0.5 0.5 0.5
5.0 5.2 5.2 5.1 4.9 3.0 0.7 0.5 0.5 0.5
10.0 9.9 9.9 9.8 9.2 6.0 1.3 0.6 0.5 0.5
20.0 19.4  19.4 19,3 18.] 11.6 2.6 0.7 0.5 0.5
30,0 28.9 .28.9 28.9 27.8 16.5 3.8 0.8 0.5 0.5
40.0 38.4  38.4 38.7 39.3 20.9 5.0 1.0 0.5 0.5
50.0 47.8 47.8 48,9 56.3 25.4 6.0 1.1 0.5 0.5
60.0 57.2  57:3  60.2 96.7 30.6 6.8 1.3 0.6 0.5
HPVS
0.0 0.0 0.0 0.0 0.0 - 0.0 0.0 0.0 0.0 0.0
5.0 4.7 4.7 4.7 4.1 2.5 0.4 0.0 0.0 0.0
0.0 9.4 9.4 9.3  B.2. 4.9 0.7 0.1 0.0, 0.0
0.0 18.9 18.9 18.6 16.2 9.1 1.4 0.1 . 0.0-- 0.0
0.0 28.3  28.3 27.9 23.5  12.4 2.0 0.2 %.0.0 0.0
0.0 37.7 37.7 37.0 29.9 15.0 2.6 0.2 . 0.0 0.0
0.0 47.0 47,1 4509 35.2  17.2 3.1 0.3 0.0 0.0
0.0 56.3  56.4 54,1 39.9 " 19,2 3.5 0.4 0,0 0.0
T HPVM
0.0 7.7 6.6 " im 8.1 1.9 " 1.5 -13.1 '10.4 9.
5.0 9.1 8.4 6.4 10.3 3.8 - 9.0 12.5 -10.5 - -9,
0.0 12.4  12.0 11.0 13.5 7.6 5.7 11.8 10.1 9.
0.0 20.9 20.7 © 20.3 2l.0 15.7 im 10.3 9.9 9.
0.0 30.1 = 30.0 -29.6 .29.3 23.8 im 8.6 9.6 9
0.0 39.6 39.4 39,0 " 37.8 °31.5 .. im 6.7 9.4 9.
0.0~ 49.0 48.9 .148.3 " 46.3  38.6 - 11.0 4.8 9.1 .9,
0.0 - -58:6" 58.4 :S72F "54.8 . Y45.0 - 17,3 - 3i3c - 8.9 U9z
. e P TN P PR B . . N Cw __y“
" . Longitudinal Diffusiviey’ .+ T T
0.0 -0017° .0017 .0017 .00F7 . -.0021-. .0025 . Q024 _ 0024 . .0024
5.0 ".0017 ".00L7 .0017...0017: -+0021.. .0025 - 0024 -.0024 -,0024
0.0 "-7.0017 ..0017 .0017 .0017 +0020  .0025 .0024 .0024 .0024
0.0 . .,0017 . .0017 - .0017. 0017 - .0020  .0025 .0025° .0024 0024
0.0 . .00]7 -.0017 .0017 .0017 '.Q019 0024 .0025 .0024 .0024
0.0 .0017 .0017 .00I7 .0017  .0019 .0024  .0025 .0024 .0024
0.0 -.0017 .0017 .0017" .0018 .0019 .0023 .0025 .0024 .0024
0.0 © .0017 .0017 .0017 .0018 .0019 ‘ .0022 .0025 0024 .0024
Un{tsﬁ HPV cm hfl,'D chz s—l
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Table 12. Influence of sensor position with respect to the sapwood
- heartwood border. HPVT values, which are obtained at times depgndent
‘on the speed of HPVI, are given here for comparison with the fixed
time solutions given in Tables 10 and 11. Radial longitudinal model,
no wound, no sensor materials. HPVT's marked (=-) means that tz not
- reached during 180 s simulation time. Sapwood Mgw = 1.0, Pb = 0.4 -
‘heartwood Mgw = 0.4, Pb = 0.4. - S o o

- Depth In sapwood 'S/Hl ~ _In heartwood

HPVI 1.6 1.2 0.8 0.4 0.0 0.4 0.8 1.2 1.6 cm
) (2) 3) &) (s) (6) #(7) (8) (9) '_(10)
0.0 - - -- -- - - - -- =

< 5.0 4.9 4.8 - - -- B -~ --

10.0 9.8 « 9.8 9.6 ' 8.6 5.9 -- -- == --
20.0 19.2 19.2 19.2 18.0 11.4 -— - - -
30.0 28.8 28.8 "28.8 27.0  16.3 5.2 -- == e-

40.0 '37.9 © 37.9. 37.9 36.6 21.1 . 5.8 -- -~ -
50.0 47.0  47.0 47.0 47.0 25.4 6.1 - —= --
60.0 6.8 56.8 56.8 56.8 30.0 6.1 — - --,

Units: HPV cm ! 4_1 R o .
\
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in the sap;ood or heartwood from HPVI = 0 to 60 cm h™ -1 (Table
11). The alues obtained for HPVM are unstable at some HPVI's

at 0.4 cm into the heartwood (Table 10, 11, column 7), regardless

‘of the" t1me 1ntervals used to obtain their solut1on.

 Case 6c, 0.32 cm k, 3.0 cm sapwood 0.68 cm heartwood

These results are sho;;§f; F1gure 18, F1gure 19 and Flgure
'20. At HPVI = 0 (Fig. 18), calculated longitudinal d1ffusiv1ty
is equal to that 1mposed only between the 1.8 and 2.2°cm depths
for all moisture contents. D1 behaves somewhat better at the -
Higher moisture coneents; equaling that imposed between the
1.5 to 2.2 cm depths when Mgw =1.0 and between 1.0 to 2.3 em ’
depths when Mgw = 1.5, HPVM 8 are never the same as the imposed ’
values anywhere in the cross sectlon at HPVI = 0. Furthermore,l

’

« the calculated values of HPVM are’ 1magxnary at the depths where .
the 10ng1tud1nal dlffusxvxoies are relatlvely stable. HPVA 8
depart marginally (ca. 0.4 cm h™ ) from imposed at both the
bark/sapwood aed‘sapwooelheaf;wood borders. . .

At HPVI's from § to 36 cm h—l, HPVH;B behave somewhat
better (Fig. 19), although at HPVI's qf 5 and 10 cm h;1 the.
calculated values are different from imposed over most of the
‘aapwoqd. HPVA's are again "humped" near the aaéwood/heartwood
border (Fig. 20). Both HPVA and HPVS calculate the same as
HPVI between the 1.0 and 2 0 cm depths.

Case 6d 0. 32 cm bark 2.0 cm sapwood, 0.90 cm heartwood

These results are shown in Figqre 21, Figure 22 and Figure

23. At HPVI = 0 (Fig. 21), longitudinal diffusivity calculates

I 8 T T D e L L to. L T i e s L VS



R

-

‘VALUES CALCULATED FROM NUMER!CALLY GENERRTED TEMPERATURE FIECD

S ST I R A U TP IR 1 Y Dt 4 4 it R

5.0 ¢

CM/7HR

.88

HPVM,

"%, Rd

~ B/s 5/H
i ;
E s ¢ i ) :
I ! {
'S 1 - [
5 > N S
.08 ¢==}- :
R 1 B
T ! . !
> : . .=
Tse o !
| i :
l B ~.I .
~18.28 —— P
- : b <
28,88

B.0E2K ¢

cM2/5ec

B.emis 4

DIFFUSIVITY,.

. ! . 1 "
l.lﬂlﬂ + 4 i e 4 re &4

--‘n—-—-——--

e ned

2

BB 2.4 BB 1.Z 1.6 2.8 2.4 2.8
PEPTH INTO STEM, <M

3.2 36 4y.g
o

Figure 18. Influence of stem tissue borders on heat pulse calcul-
ations of longitudinal diffusivity, HPVM and HPVA at. HPVI
= 0. Radial-longitudinal model with 0.32 cm bark, 3.00 cm .
sapwood, 0.68 cm heartwood: Sapwood moisture fraction (dwb) -

(A)OJ,(B)IJ,(C)IJ._A__' 

. -
.o e
. R el g iy

. [
BN

103

b

e oo



VALUES CALCULATED FROM NuugﬁlcaLLv's:N:nnf:b'T:ﬁhcnnrunc FIELD <

. s Yoo, -
A .
* h“:’iz'n'-.-,' v b >~ L ;' ‘ ’ ST LT o . LI oo . . 104
. oL . T - . RN oo .. . - N

HPRVM, * CM/HR

.4
p o
\ .
> o -
(&
E
>
X
I
' 4
X
\
p
v
hy
X
>
L
p o
g.a g4 g8 1.2 lE 2.8 2‘1 ZB 32 35 4.8
- DEPTH INTD STEM, <M
Figure 19. Influence of stem tusue borders on HPVM calculauons.
Radial-longitudinat model w1t:h 0.32 -cm _bark, 3.00 cm. saywood . e
0.68 cm heartwood. HPVM's at HPVI g = (A) 5" 0, (B) 10.0,: A
(C) 20 0 ‘(D) 30 Ocm/h - P P SR PN

W :
. » R

S A o



VALUEE CALCULATED FROM NUMERICALLY GENERATED TEMPERATURE FIELD

105

in

38.18 |

VI

HRVA, SCM/7HR
N
B

T

o~ ~

- - | o

-~ -
- en on ¥ = e

4

o
B

. t

’f"‘;'f“f o

HAVE, HAVT CHM/HR
B
B

" IR.BH ¢

® |

m)l .

B.88 J + + -+ =
@8 ®.4 BB 1.2 1.6 2.8 24 3
\ . DEFTH INTO STEM, <M

Flgure 20. Influence of stem tissue borders om HPVA, HPVS and

"HPVT calculations, Radial-longitudinal model with 0.32 cm
bark, .3.00 cm sapwood 0.68 cm heartwood. HPVA and HPVS

. ‘at/’sapvood moigture fraction -1.0.. HPVI's = (A) 5.0, (B)

SR 1005 (c) zoﬁo, (D) 30.0. cm/h.. ',j- BRI



. 18,28 - I ]
q .| 8/s 5/H .
¥ o -

b osE 1 . .

W\ ' . \ :

e BB —~————
L S 1 { ’
g ' S

.E. S : ] 'A
¥ % s 1 '

id . : 1 |

8 A+ Y

el :

I %

T - 23.g8

g o 545 S/H

,:: u ‘_, ., I t «
15 m l'{. : "ov' T -
> T t '
. T E A

» _] v - .

[ 17 .

SRS i :
W7 i

X I t
b Sl 1} )

2 : '
i

z .s m lL 1 ‘L L 2 lL 1 \
n ' Ly L] ¥ T MR R} L]
m - 3 - -
L ‘ . ’

Vv N.8d03d " .
ﬁ g B/5 . 5/H

_ 1 . .

E ") | S
| b B.882% + ' ’
d y
Y] ) . ]
v,' . t-'l_mﬂ'..,(!) R ) E . v - i

-t _ 3
3 'l'_']‘ I'.BEIS_ T : 1
T & 1 :
> o A

~ B.p418 s T W S S

g.2 @4 @8 1.2 (.6 2.8 2.4 2.8 3.2
DEPTH INTD STEM; <M

Figure 21. Influence of stem tissue borders on heat pulse calcul-
ations of longitudinal diffusivity, "HPVM and ‘HPVA at HPVI
= 0. Radial-longitudinal model with 0.32 cm bark, 2.00 cm .
sapwood, 0.90 ¢m heartwood. Sapwood moisture fraction (dwb) /7
(a) o. 5, (B) 1.0, (c) 1.5. ' ' |

4 sea 18 et A -

B Y

st £ 2 F R




L 1oy

“VALUES CALCULATED FROM NUMERICALLY ‘GENERATED TEMFERATURE FIELD

1 4
X
N\
b
v . i
».\ Ll
X
>
o
I
L . : ' 4
N B -7 e 5/H
|  SEPHD WOISTURE CONTENT= 1.9 . § - - i
PR 5% e ! :
t
N\ o 1
X 1
v N .. -
.
<
L
[
X
Yg.pg
B/5 8/H
gsvuun»mnsnnzcnnanhl.s :
X 3g.pd 4 D)t : : H
I _ 1 . '
2 : i 4
5 . 1. !
T .. auna ‘ l l \
\ ] o
b o { -
4 s
L LE S fom
ELNENS :
..m 1, s ' ' FERY" e

A.d B84 A8 1.2 |.F 2.8 2.4 2.8 1.2
DEPTH INTO STEM, <M

A

Figure 22, Influence of stem tissue borders on HPVM calculations.
'Radial-longitudinalrmode,l_ with' 0.32 cm bark, 2.00 cm sapwood,
.0.90 cm heartwood. HPVM's at HPVI's = (A) 5.0, (B) 10.0,

- {¢) 20.0, (©) 30.0 em/h. . - - - e
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the same as.imposed only for the 0.1 cm of sapwood between .

N

1.2 add-1.3 cm depth at all: m01sture contents, ‘and only betweee

1l

057ﬁgndvlé3lpm_bt Mgw 1 O or*l 5." HPVM is defxned over the

‘entire sapwood at Mgw = 0.5, but is erratic and/or imaginary

at depths greater than 1.2 cm at Mgw = 1.0 or 1.5. HPVA cal-

culates close to zero o‘er the entire sapwood

A

At HPVI's from 5 to 30 cm h 1, HPVM 13 1nconslstent (Flg.

. B Ve . t
- Ry w0 r‘ -

122). It ranges ‘from that 1mposed at 30 cm h 1'nem: the. bark/

[

sapwood border to near zero at 5 cm h-1 just inside the heart-

wood. HPVA is agaxn "humped" at HPVI = 30 cm h near-ther

sapwood/heartﬁbod border (Flg. 23). HPVS behaves much as ic

did in the 3.0 cm sapwood simulations. - -

4 Casé 6e, 0.32 cm bark, 1.0 cm sapwood 1.1 cﬂ heartwood

L aade e E R,

109

These results are shown 1n Fxgure 24, F1gure 25 qnd Flgure U

Ly A « . o

'~26. At HPVI = 0 (Flg, 24), calcuIated longxtudlnal dlffu31v1ty

never approaches steady values anywhere in the sapwood. HPVM's

'“,argjgefinedvbut:dqnnbt;hayeJthe-aame value ésgthpae.impgsedv»"‘

HBVA'E”Q?@Tstill‘iélhtiﬁeli'ﬁtdbre:'f'j“ - fd‘hf ‘ f' ; >v';'

At HPVI's from 5 to 30 cm h 1, HPVM's (Flg. 25), show

u. .- \-'~‘

- mueh Ehe same pattern as that found in the two greater sapwood

5

thicknesses. HPVA and HPVS (Flg. 26), are also much as in

the previous figures. ‘

Case 7, 0.32 cm bark, 3.0 cm alternate early-latewood,

'0‘68‘6m heartwood

Alternate 0.08, 0.12 and . 0 20 cm wide layers of earlywood

general gonflgutatlon‘as case 6¢. Th}s SQESO'natio_prbvidéd

’
.

P

_(EW) and latewood (Lw) were 1ﬁposed in-the sapwood in the Bame .
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"T.;"m j a. slightly h;ghet h1gher percentage ‘of latewood than found

e T many Nq;th Ame;xpan conxfexs CCown .and Parker»1978)o

-

¥

e - -

. “m.l§

" lost to the "outside" compared to .that lost to

*

- -

v

A

P

vaow

R

h-"/vm N

-such these s1mulat10ns represent the worst _case cond1t1ons

- PN LA W . ‘V‘ o & e ,?- @ R U » , wa = - e S

‘tHat should be~ entountEred*rn woods‘whe;g the latéwood w1dth

ZQ cm or, less.f Accordlng to _Booker ‘and Klnznmonth (1978),

the liquid permeablllty of latewood is very near zerovcompared~

T

to earlyﬁood. ‘Thus the-HPV impOSed on the. earlywood was HPVI,»'

:1n the latewood HPVI was set at zero. The average HPVI across N

~$' P

S e %&; e

the sapuoodiwas therefore HPVI/2.

Q K g ot AP Y] o —_— T T S

nThe results at all three EW LW d1mens1ons were 1dent1ca1

: ,--.- 4

Calculated HPV 8 were*one-half those 1mposed on the earlywood.

R:m:b'&

FEMy

s~- .

&
i.e., exactly the true average, ° Except for. this averaglng -

effect, the plottlngs (which are not shown) were identical"

to those of F1gure 18 to. 20

e

General concluéions-from Case>6 : . - B

Sensors must be emplaced et least 1 to 1% cm deeoer than
the bark-sapwood interface and not closer that lkhto 2 cm to
the sapwood heartwood interface to approximatelﬁdeelized con-
ditionsf This effectively rules out apofication,of line heat
source ideaiized heat pulse theory to ringAﬁorous etems of

any size, and to the stems of seed11ngs or small sapllngs regard-

v”,.\ . "

less of wood structure.
HPV's are a better }ndicatorvofﬁinposeo heat puise veloc-
ities near the B/S‘border than the&,are at the S)H border.:’
An explanatlon for this apparently Itew in the amount of heat
the heertwood

F1gures 14 and 15 teénd to substant1ate this 11ne of reason1ng.«

i s,

: B2 . in e .
[ TR I AN
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“In Figure 14 the heat 1088 frmq the inner border of the sapwood

- 5 is:zero and the calculated HPV 8 are the same as imposed.

. e - the

L1kew1se (Fig. 17), the heat loss from the sapwood to the ' outslde"

DU _ - o e e

is eero w1th comparable results.' The sens1t1v1ty of the radlal

-

_longltud1na1 model to outs1de border boundary conditions will

probably make it difficult to exactly simulate real sensor

installations, where the external heat losses can only be estimated
o

within perhaps + 100X.

o

. Simanlations with the rad1al 10ng1tud1nal model 1nd1cate

R v R P v
- “ ey

that relatlonshlps between the analyt1ca1 solutions and imposed
HPV or Dl, which are specific to the depth from bark and/or
dlsrance from the eapwood/heartwood interface, must be used

if valid re;ulte are to be obtained from sensors emplaced within
1 to 2 cm of these tissue‘borders. Even with such spec1f1c
solotlone, HPVM (and HPVP) would not be usable much below HPVI
= 20 cm h 1 in the near-border sapwood regions.

The "humped” behavior of HPVA at high wHPVI's_n-ear the
sapwood heartwood bor%er casts eome doubt aeAEO its'usefulness;
The HPVT analysie method giVes.consistanr results at all HPVI's
(greater than about S-em h—l) and at all radial positions.
The HPVS configuration appears tovbe the most con51stent at all
depths sapwood thicknesses and HPVI's, . but one may_| have to re-
sort to 30 s time intervals to 1mp1ement this techn1que. Al- >
though numer;cal]y generated temperature data are usable for
HPVS at any HPVT, Marshall (1958) 1nd1cated that it was practlcal-

ly usable only up to a ratio of Td/Tu of 20, presumably because

the quantity of heat reach1ng the upstream sensor becomes marg—
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inally detectable at these faster speeds. With sensors:spaeed

(-1.0,0.1.0 cm), a ratic of ZO’correspendsrto an HPVS of 16 -

-1

to.2§ cm h when D1 var1es from 0. 0015 to 0.0024 as -in. the .« . s "o

- RO ¥

' slmulatlons above.' These values for HPVS are marg1nally 1nto ‘

the range where HPVM's may be usable for the higher HPVI® 8.

Summary and conclusions from the general simulations
A tangential longitudinal section through heat pulse probes,
and a radial longltudlnal section in. the plane of the probes

. - . -
o . - R B ~ - -,,,., -or"’.~ w

have been used to approxlmate a 3 d1menslona1 heat . and sap

B

flowAsystem representative of the implanted heat pulse method‘
in a tree stem. The temperature f1e1ds that are created in
stem sections 1n which heat pulse probes are emplaced were
simulated using a numerical finite difference approach.- These
temperature fields were theh\anaiysed ueing,an analytical solu- .
tion for the ideelieed case of heat transport by coupled_dif-
fusion"and'conrecqiod in an infinite medium. The-resuitant
calculated heat pulse velocities or thermai diffus;vieies are
displayed in'tabuiar or graphic form for comparison of the
numer1eal simulation results aga1£:t.1mposed heat pulse velo-
cities and thermal: dlffu81v1t1es. |

Both the tangentlal longitudinal and radiel longitudinal
models adequately represented the 1dea11zed case. Numer1ca1
sxmulat1ons of the 1dea11:ed cases reproduced the imposed values
within acceptable limits set by the regsence of truncation
errors 1n.the f1n1te'd1fferenee app'oximations.

The simulations-of‘any departure from. the idealized.case,

resulted in calculated heat pulse velocities different from

N
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- J_est the Juncthnnof stem t1ssues,'such as: at the bark/sapwood

e -

.-

T e e st g e A ke v N A e, . L i E O i TR e A R T S AT

{ ' . . : -
-\

those impgsed. The most serious departures were those caus%d.

by nonconvecting material in the plane of the sensors, and

g e

and’ sapwood/heartwond 1nterfsces.

An Jnescapable conclus1on resultlng ftom these analyses

is that a heat pulse method based solely on 1deal1zed heat

transport theory for a 11ne heqt squrce, cannot be used to

;estlmate sgp-, fqu _gﬂgn gpceEEable raczaln Z gtsctrcd&

g;r)ﬂfaw'q“p) <",“

sltuatxon. Solutions to the heat transport.equation must be

speélflc to. the Lnstrumentatlon and to the general anatomlcal

-

‘ character1st1cs and thermal prOpertles of the- stemrlnto wh1ch

in Chapter V. . o R SR ‘ < e w

X3
the heat pulse probes sre.emplaced. The degree to wh1ch the
simulated results can be expected to prov1de an accurate 11nk

between analytical theory and practical application, is reported

Lo 4
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CHAPTER V R i-.f ‘::m S

-

APPLICATION oF NUMERICAL ANALYSES RESULTS L e

Introductloﬂ\

The ultimate test: of theee new analyeea 1s in thexr appll-
cation to measurement of transplratlon in dlffuse porous and
coniferous trees, Transp1rat1on, cons1dered here as equal . C e

"..7.. 77 to total sap : frbw exptessed either an’a rate or“per1od1c sum-- . . . .

e T e e ~"u-4.¢, - o

mat1on, is the sum of the sap flow calculated for the -torodial
‘partial. areas associated with each HPv;eensor, or grouﬁ‘ef

BT H-.fsensorsiliffseVeral_are'instalied;atfmuitiplegﬁepshslinto the~' S
y "
sapwood (Fig. 27a) Wood bas1c den81ty, Pb 'and sapwood m01sture

- LS e -y

fractlon Mgw, can be obtalned destruce1ve1y for eachwpavti&Lﬂ}: ”ft

~~‘-a-.._,,.‘«~a‘°’ ,.,.
4 s

- area or ag an average gommon to 811

wae e a .
~ R W
v

A quant1tat1ve xest demands not only that .one be able . U

to determine true heat pulse velocxtles at any glven po1nt

in- a stém cros’s seet1on bo an acceptable aCCUrady, but that 2w
the sapwood moisture content, ba31c wood dens1ty and the sap

conducting area: be measureable to comparable aCCuracy. To
& LA it ™ p
[ . D . . . ..
determlne true HPV' s,,pne must have at hls dlsposal relétibﬁ%
shlps that can be used to correct the measured HPV s for wound . . | . o

¢ =

and‘pos1t10n of’the sensor t1ps. 'To evaluate such'a quantitative et

comparlson, one must also ‘have an 1ndependent measure of the .
- i , . . B Q&
actual transplratlon of known accuracy. '

117 i . . ‘ ) . i . ~. '.

N e L e e




ngufe‘Z?.

Schemat1c representatlon of the toroldal area and’
1n1t1a1 .and subsequent wound w1dths assoc1atgd thh each

heat pulse veloc1ty probe installation. (a) Tbroxdal areas

10, Ay associated with sensor tips at T and -2 em- depths,
_d from the B/S 1nterface.

(b) In1txal wound width upon

probe 1mplantat1on. (c¢) Increase in wound width ag bree

responds to tsolate the damaged :Lssue.
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To a large degree ~the type of’ exper1menta1 ver1f1cat1on

< -~

' ’.”that can be done depends upon the type of 1nstrumentat10n ava1l-

: able for determlnlng heat pulse veloc1t1es. Prior to 1981 (that
is about two~th1rds of the way through thxa study) the'only
'1nstrumentat10n th&t I had access to, 1nd1cated or recorded
temperature difference (Td - Tu) and tz used to calculate
HPVT's (Swanson 1962, 1967b, 19748) All but the most- recent

s . B

exper1ments reported below are of app11cat1ons of HPVT. data.s'

Dur1ng 1980 - 1984, a,m1croprocessor controlled 16~ channel dLg1tal -

w

"HPV logger" was constructed to record the relat1ve temperature
reg1stered at an upstream and downstream sensor at. tlmes 60

‘120 and 180‘3 after a heat pulse. Temperature rise data can
be used to calculate HPVA HPVM and D1 or HPVS, HPVM and D1
depend1ng upon the configuration of the sensors. Neither HPVT
nor HPVP can be obtained from tnese'discrete time-temperature
‘data.'

L As a result of this'late instrument development,wthe number

.of HPVT data sets available far exceeds that of ‘the latter
type. In add1t1on the "best" tree cross sections in terms

‘of meeting the idealized criteria for sapwood thickness are
with HPVT data sets. This is unfortunate as‘HPVT’s less than'
about’ 2.0 cm nl and diffusivities (which might prove useful

to provide a continuing estimate of moisture content for sap

flux calculations) are not available for them.

O

- ’:;f»5!7‘"7"’~1}""5:“f-*'f-\?‘@*‘?&"ﬁ3‘;‘§‘!9";4je-4-. el - L e R .'.‘..T...‘;.ﬁb’.-,--‘);vtew:c._‘ﬂ*';.wi'-;'g-»_--'-,-,>\._-,,,-.,- S
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Srtuataons andnresults to be examindd™ ';:?;U-%fj'“fff

- - N e . B

The numerlcal ‘solutions of the twu models qt varxous<1mposed

V- LR P °

ships between 1mposed and calculated heat pulse veloc1t1es.
These relat1onships are testable to the extent thet the models
repreeent.real 31tuat10ns encountered in heat pulse applications,
Because of the sparseness of complete "transpiration" data

sets, which would. include HPV's, Dl's or sdpwood moisture content

-and sapwood area, it is my intent to.verify the.model predictions

that 1nvolve only heat pulse veloc1t1es and then to tackle.

the larger task of comparlng calculated and measured trans-

piration. 1In thls chapter I will thus -examine the follow1ng.

1. Instrumentatlon and/or practlce aimed at 1ntegrat1ng .

HPV across the sapwood ascerta1n1ng‘sap flux or

area for which there are sufficient experimental_
data to compare with the numerical simulatione from
Chapter IV or those of simulations specific to the )
instrumentation in questien.

2. Emplrlcal studies of measured transp1rat1on and tompar-
isons of heat pulse ve10c1t1es where the 1deal1zed
conditions were most closely met, i.e., those uhere_
the sensors were emplaced at least 1 cm 1nto sapwood
of radlal cross Sectionh 2 cm or greater.

3. Results of quantitative.comparisona where the idealized

condltlons were marglnally met, i. e., sapwoods less

then 2 cm w1de in rad1a1 cross ~section.

<

: conditlons~dzsplayed 1n Chapter IV provide quant1tat1ve relatlon--

m e ey ——— e
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EXAMINATION OF INSTRUMENTATION /AND PRACTICE -y

Heat Pulse duratlon 'i" S .

Accordlng'to Ma}shall's (1958) 1dea112ed theory, the hedt

pulse used should be, 1nstantaneous. Mest worke;s have inter-

_ preted "instantaneous" rather leosely. Considering reports

of application of both Huber's (1932) aed ﬁefsﬁail's (1§585
feehniques, heat‘pulses ranging from 1 to 40 s ‘have ‘been consid-
ered 1nstantaneous with the majority less than 10 s, i.e: 1 s
(Swanson 1962 Edwards 1980; Miller, Vavrina and Chrlstensen

.to 10 s-(Beber ené

1980); 1 to 2 s (Decker and Skau 1964 )

Schmidt 1937); 27 (Glfford and Frodsham 71; Morikawe_i972);
4 g (Hinckley 1971b); 8 s (Bloodworth, Pige
10 s (Heine and Farr 1973) and 40 s (Ladefo
of those c1t;b cons1dered their results to be satisfactory.

I simulated the-effect.of heat pulse durations reeging

from 1 to 10 s using the tangential-~ longltud1nal model, sapwood

moisture fraction Mgw = 1.0, glass sensors, brass heater and

0.20 cm wound. Heat pulse durations of 1 to 4 s have minor
effect (less than SZ) on HPVA 8 or.HPVS's at a11 1mposéd HPV's,

- and above HPVI = 10 cm h 1, minor effect on HPVM 8 and HPVP's

as well (Table 13). Long1tud1nal dlffu81v1ty at HPVI = 0 de-
creased by 62 at heat pulse length 4 s and calculated values
for D1 at all HPVI's are 5 to 152 lower for heat pulse duratlons

of 6 to 10 8 than those for 1 to 4-s. 1 did not sttempt the

.40 s beating duration of Ladefoged (1960) as his technique

121



T

et

e,

Pt

LAMEpT e o

- -‘,w,v:mm'ﬂmwt"!&b}'{\‘:w{,“f' )

)

.

.

T e e e ——

4
. 4
. . . -8 7= quals w> AdH mwuwcb
€100°.  9°12 2'0T - g'ge. gUug 8°1¢ E100°  z'zz 607 KAR4% 1°¢e £-ze 09
€100°" " z°61 - z-81 0°62 ¢ oe (A €100°  9°61 8°8T1 L£°6T $°0¢€ L°61 - 0§
£100°: .9°97 " 6°ST |24 (A8 Y4 9°91 vﬁoaﬂ 6°91 KAR-) SN A 74 9°6T 6°91 oy
%100° - S~¢1 I°¢r 6°81 9°6T . 9°¢r 7100°.  G°gr 9°€T £°8T- 9761 . 6°¢1 . og
§100° - 0°0T . 9°6 9°er el ¢ ot §T00°  0°01 6°6 4 SR A4 ¢ £'0r © oz
9100°  8°¢ A 6°¢ 0°¢L: 886 9100° .8°¢: AR ets c'9 8¢ or1 )
9100° + - . (-7 9°¢ vy c'e L100° | —-. g°¢c  mr 0°¢ e s0 ..
LT00° - ~-- - 0°0 .0y Sy 0°0 L100° - 0°0 ut . 0°¢g 1°0~ 00 )
8 0°9 = uorjeing asing 3vap $ 0°% = uorjeing @8Ind 3eay
. ) o o ’ \ '
< ¢T00° qn”ww - S°12 0°%¢ S 6e 6°22 7100° %7 8°1¢ T°sg 9°¢¢ T°€e 09 ,
v100® - 1°0Z ¢61 g6z 8°0¢ 0°02 7100°  9°0z 9-61 . ¢°0E  6°0€ - g0z 0s ”
9100° €741 6°91 .  1°%z 9°67 A 7100°  9°/T . 1°(% 8%t 9°67 LT oy
. ST00° - 6°¢€1 0°%1 S°BT . (°61 A ) §T00°  6°€T ~ 1°#H1 £°81 L°6T ~ €91 ., 0t
9100° ~ €°0T1 ¢eor L°11 0°€1 §°01 9100° g°01 %01 AR 6°21 9°0T1 0z
L£100°  6°¢ , 9°¢ 0°¢ AL 6°¢ L100*  6°S.  9°g £t 0°s 6°6 01
L100°: T-- . 6°z w1 ot 0°¢ L1o0* . -~ 6°¢ wr mr 0°¢ S0
8100°* -~ 0°0 T T <o~ , 8100° - 0°0 uY mt £€°0- 00.
: 19 . ‘LAdH SAdH m dAdH RAdH VAdH T~ LAdH SAdH  ~ dAdH WAdH VAdH ,H>Nm.
8 0°C = uoryeang ssing jmeq . § 0'T = uor3®ang asing leag

2

~wis 8 g1 Suranp mm:uwou jou d
‘BT, P3IBITPUT JAdH ‘WAGH 103

WIL ‘@ 0z°Q = punom 3e

] uo.uu 'Yy ugom
83ANTBA *H°Qa £3118U3p

. . . . . . *am1y uorjEIn
~ PoYaeuw 83NTEA *13qunu 9AT3883U B JOo 3001 aienbs a1e
O18Bq ‘0°T= aInjstom poom ‘s10suas ssw1y .QﬁOmuwﬁsaﬂw

1 PU® IAdH ‘SAdH ‘dAdH ‘WAdR ‘VAdH Uo uorieinp asind jway 30.39333% €1 o21qel



Table 13. Continued.

Heat Pulse Duration = 10.0 s -

Heat Pulse Duration = 8.0 s

HPVT

HPVM

HPVA

HPVT pl

HPVS

HPVM

HPVA

HPVI *

p!

HPVS

HPVP

HPVP

.0016
. .0015

0.0
2.5

4.9

5.8
.5.7
7.7

0.4 6.6
13.4
18.6

3.2
5.8

.0016

5.0‘ 0-0 :
4.9

5'.6

002

00

3.2

6.5
8.3

13.8°

.0016
0015

2.6
5.1.
9.3

12.7

15.4

5.6‘
7.6

05

.0015

5.8

5.8

10
20
30

7.2
12.7

.0014
.0013

9.8
13.1
- 1507

9.0
12.3

9.8
13.1
1S,

.0014:

9.8
13.1

19.6

. 0014

18.7

24,1 15.0

24,9

. 9'

.0013

25.0 23.8

40

.0012

18.4_

20.8

16.0

0012 "
£0012

18.0
20-6

28.8
33.

29.7
- 3430
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" wag totally al1en to the theoretlcal analyses in question here;
his heat pulse duratlon is only mentloned to 1nd1cate the wide
1nterpretat1on of "1nstantaneous "

Sensor configuration ' . *

The sensor configﬁrations for the Hata reported invFiguré
6 (p. 50) were slmulated;(TLM) with glass sensors, brass heater,: R -‘
0.20 cm wound and conflguratlons (- 0 5,0,0.72 tm 0. 5 O 1.0
cﬁ); In these 1nstallat10ns, sensors tips were 1.25 cm from.
the B/S border, approglmately 1.7 to 1.8 -em from the bark sur-
face, and greater than 1.5.cm from the s/H border. Thls place~
ment is comparable to the 1. 6 to 2 O cm depth in the RLM sim-
’ ulat1ons for 3. O ‘cm sapwood (Fig, 20, p. 105) where the effects
of either stem tissue borders are minimal. The data taken
were HPVT 8.
The -TLM simulations are>shown in F1gure 28 the corrected . | ; —
experlmental data rn accordance w1th these simulations 1n Flgureh_" ///\x\\_
' 29. Each of .the 25 pairs of sensors is assamed to sample.the | T

same sap flow, Therefore, the 'HPV values obtained from both E » L o

should be the same. For the raw data of F1gure 6x(p. 50), the
% . -

. mean dlfference was 2., 9 cm h 1, (Student's) t = 7293, P<O. 01 :

1nd1cat1ng a sxgn1f1cant difference between HPV data pa1ra
obtained from the two conflgurationa (Freese 1967). ;By contrast,

. for the corrected Hpv' 4 (Fig. 29), the mean differenée is 0.7 cm

hul,.t = 0.51, p < 01, 1nd1cat1ng no significant dxfference

a

between the corrected HPV.'s, o 8] |

5 L L
' VLo . - !
’i . . . . |
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effect of spacing 0.16 cm diameter glass rod thermistor sensors
ream from the heater, both plottings at W =0.20 ‘cm.
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F1gure 29 Correct1ons of Figure 28 applzed to experunent:al
data from sensors.spaced (~Q.5,0,1.0 cm) and. (- -0.5,0,0.72 cm).
" For .these’ corrected data, t¥e mean difference is. 0.7 cm/h,
(Students) t'= 0.5, (P<.0L)- i.e., there is no.significant
difference between the’ ‘corrected data paxrs (cf Flg 6, p.

- 50). Dashed line (—--) is 1: 1.




127

Effect of wounding,

i , - v |
Wound width (width of nonconvecting tissue, W) upon initial

. _ - ‘
installation cannot be less than the diameter of the largest {

dlameter probe (sensor or heater) of an 1nstallat10n (Flg 27b)

" With palnstaklng care during 1nstallat10n, one can 11m1t 1atera1

: excurs1on of the holes drllled to approxlmstely *.0. 02 cm o€<:===55§?§¢¢ﬂw._

I —

a centerllne drawn through the three probes. - I always " con81der
minimum wound, with 0.16 cm dYameter probes,.ss 0. 16 + 0. 04 cm,
i.e., 0.20 cm}) The ones used [in the’ experlment 111ustrated
in F1gure 5 (p. 47) were of 0.46 cm dlameter glsss mater1als,
1nstslled at 1.7 to 1 8 cm depth from the bark surface in the
‘same trees as in the sensor conf1§urst1on study above and the
Ssme 1mposed conditions apply except for spac1ng° all were
configured (-0.5,0,1.0 cm). ‘

TLM s1mulat1ons, specific to the glass msterrals of these
‘ sensors at wounds of 0.20, 0. , 28, 0.36, 0.44 and 0. 52 cm, provlde
coeff1c1ents (Table 20, ps 216 HPVC = a + bHPVT + cHPVT )
_for correctlng HPVT data at a part1culsr wound width, The
wound width 1ncresses (F1g. 27c) and the sensors dec11ne in;
'sens1t1v1ty with time. At 30 d the rst1o of old to current
HPVT's is approxlmately 0.75 and at 100 d or more, 0.5 to 0.6 " o
(Flg- 5, p. 47). Conslder1ng the "current" 1nsta11at1ons at
W= 0 20 cm; "old" ss those at wounds greater than 0.20 cm,

at a mean measured currept HPVT of 13.7 cm h 1,-& ratio‘"old"

to ourrent" of‘0.75vocsurs at'w = 0.32 cm,-of 0.6 at W'-»0;44.em

-



and‘ofJO;S atvww= 0.52 cm. WOundS'widths 0.32 to.0.60 cm were

- measured at comparable installations'in trees in the same vicinity,
7 . . LY

.

Xylem flow structyre and sapwood thickness

» . v

I‘;Heet:oulse velocities taken at various depths in the xylem
.have been used to 1nfer the pattern that a curve drawn through
the sap speed at aeveral locatlons between the cambium and
sapwood?heartwood border might exh1b1t as well as the- ‘location
of the S/H border (Swanson 1967b, 1974b; Edwards 1980). 1
reported that sap speed, as indicated by heat ‘pulse veloc1ty,
was faeter at 1 to 2 cm into the sapwood than near the bark
in lodgepole pine and Engelmann spruce (Figure 30A,'§i£gg'gggé_-
'mannii 2arry only; from Swanson 1967b)- Waring‘and:goberts
(1979) suggested a maximum rate: of sap movenent at 2—5 cn'into

the‘sapwood*in Scots pine‘(Pinné sylvestris‘L.). - Both of. these

.

. results suggest a."parabolic" type radial distribution,u

P:actical applicationfof the heat pulse technique to tran-

spiration measurement would be slmpler 1f a petabol1c HPV radgal

depth pattern existed because‘ Pﬁ\fewer sensors would be requ1red
to integrate sap flux over the sapwood (Swanson 1970,1974a); -
and 2) the position of”the‘sapwood/heartwood border eonld be
inferredifron the pettetn, eo that the sap conductdng'area‘of
a'stem could be der1ved solely from HPV measurements. Unfor-‘k"
'_tunately,'aapwood permeab111ty studles mitigate against such a
radial dlstrlbutlon;petternAas berng eonsxstent}y present,;even

. in-conifefasapwoed\ Booker, and Kininmonth 1978, Booker anﬂ\

A}

128



2

-3

S g S v A TN e e N e L
.

o

-

. . . .t c ‘ 3 l' ) e Lo
Figure 30. Radial depth profiles of experimental and RLM sim~ -

ulated HPV values obtained with 0.16 cm diameter brass -point
sénsors located at various depths in a stem. (A) Experimental
HPVT data, Picea engelmanii, (Swanson 1967b). The position

of the S/H border is not indicated on .the plotting because
it was not determined when the data were taken, (B, C and
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'Swaneon 1979). However, a generaI parabb11c pattern of radial
. sapwood permeab111ty d13tr1but1on 81m111ar to F1gure 30A was .
fOund in some sapwoods, and these HPV exper1menta1 data are
.useful to compare with the RLM results from similiar 1mposed
-HPV distributions (F1g. 30C and ‘D). -
. ,RL& 81mulat10ns w1th Bpherical brass "point" sensors (Swan- .
son 1967) at‘d:Z,FO.S, 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 cm depths
~ below the B/S 1nterface, in 3.2 cm th1ck sapwood at three rad1a1
HPVI distributions are shown on Figures 3OB C and D. The exper-
1menta1 HPVT data (F1g G3OA) follow a rad1a1 pattern between

the two non-unlform ones that were simulated (F1g 300 and D)
jBarr1ng major differences in sapwood moisture’ conﬁent at the.
d1ffer1ng radial . p081t10ns, sap flux at each sensor is propor- °
t1ona1 to HPV. The implication of these exper1menta1 and simu- .
' lated results (Flg. 304, C and D) 18 that rad1a1 depth HPV o
patterns will resemble true radial depth sap movement patterns;Vve_
And contrary to the expectations of some, (Kramer .and Kozlo;sk1”
1979) sap speed in nonporous wOod.1s not always fastest in
}the sapwood 1ayers Just 1ns1de the vascular camblum.

The posltlon of the S/H border 1is unknown for the data

of curve A (F1g 30) And it is fairly clear from the s1mulated
‘b,plottlngs (Fig. 308 to D) that the position of the S/H border

would be d1ff1cu1t to d1scern from the mlnor change in. HPV o

magnitude that occurs acrossf1t. A,betterjlndépator of the

Bt 2 e D S .
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$/H border is th
z

the aapwood. I

radial pattern of liquia permeability across
g.»contorta, the saturated liquid permeability

1 -

of the sapwood was found to be as high one to two growth increm-
ents from . the/heartwood as at any ghallower poslt1on (Booker
/

and Swanson 1979) A more generally enc0untered pattern was

1nd1cated by the other spec1ea studied, (Cryptomer1a japonica

D. Don, Nothofagus solandr1, P1nus montezumae Lamb. , P radiata,

e .

,/?seudotSuga menzeisii) in wh1ch there ‘was a g&adual reduct1on *

in saturated longltudlnal permeab111ty w1th 1ncreaslng rad1al

depth to .a value of 0.5 to 0.6 of peak permeablllty at the
sapwood/heartwood border where it abrnptly dropped to near

zero (Booker and K1n1nmonth 1978, Booker and Swanson 1979)

Thls abrupt change in liquid permeab111ty is probably the best 'f

delimiter of the S/H border and the 1nner extent of sap conduc—

N

. ting xylem.

Smoothing effect of sensor materials in radial profile

Upon pre1141nary work up of the potometer HPV and water

A

buptake data (See Quant1tat1ve Comparisons, Hardwood Potometers,
P. 168q), it became ev1dent that the low thermal conduct1v1ty

_ATeflon sensors - 1nsta11ed in these stems (Append1x E) were be-
havlng*d1fferent1y than the h1gher thermal conduct1v1ty glass

'rod‘sensors used (F1g. 3lB) 1n most prev1ous exper1ments (or

a brass sensor, Fig, 310, used in one 1nstance' P1nus banksiana

Lamb.).l The data from a Teflon senaor, w1th tlp placed in
the heartwood, ;nd1cated an HPVA much closer to zero than that

obtairfed w1th either the glass or brass sensors (Flg. 31).
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1 undertook a few RLM 81mu1at10ns, with sensor mater1als along

*

the entlre radlus from the out81de border to the tip, to see

|
if the observed data could be at least qualitatively described

with this model.

The '"no sensor" RLM simulations are for po1nts, not planes,

4

and are thus valid slmulatlons of a physlcally rea118t1c Bystem,

When probe materials 11e,along a radius, the RLM eimulatea

" each probe as a plane in the xylem cross sectlon, not a line

as it is id fact Although the representation of the probes

.in this way is phys1ca11y unrea11st1c and - the absoglute magnltude

of the HPV 8 derlved from the slmulated temperature data is

"too low, the relat1ve magn1tude of HPV 8 obta1ned at dlfferlng

positions along a radius from the RLM slmuIat1ons w1th sensor

materials, is apparently correct (Fig. 32). The relatlve change'

in HPVS HPVT or HPVA magnltude across the S/H border in the

"no sensor" and Teflon materials sxmulatlons (Fig. 32A,B) is.

on the same order of magnitude as the expeerent%ata obtained -

' .wlth Teflon sensors (F1g. 31A). All of the h1§her thermal

conduct1v1ty material sxmulat1ons (Fig. 32c, D, E) are similiar

to the exper1menta1 data for glass or braes sensors (%ig.

- 31B and C). These 51mulat10ns and experimental data 1nd1cate

that HPV's measured w1th1n 0 5 cm of elther sxde of the S/H

border will be more 1nd1cat1ve of movement in the sapwood than

the lack of movement in the heartwood. The.ﬁlgh thermel con—.

ductivity materials tend to smookh out the, abrupt transition

< v ’ o e e S T O e L
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HPV'S CALCULATED FROM 51MULATED TEMPE

RATURES, CM/H

-l—-q-_

g3t

B A + 1
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¥ R

SENSOR TIF POSITION-RELATIVE TO 5/H, CH

. Figure 32. Radial longitudinal'mbdelféimulations-with several

et o e

. sensor materials. (A) no serisor material, (B) Teflon, (C)
. glass, (D) bra%s, (E)} aluminum. - HPVI (—); HPVA (X—X).

These sitiulations tend to confirm the experimental results
(Fig. 31) obtained using ‘similiar sensor materials. The
high HPVI's of the sapwood are indicated by HPVA's at the

‘high thermal ‘conductivity sensors 0.5 cm or more into the
heartwood. The 1low thermal conductivity Teflon sensor behaves

similiarly to the no sensor gimulation (A). None of the
simulations indicate that the S/H border would be clearly
defined by a sharp decline in HPV's measured near it.

BB

.3
<
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at the border. Thus,eorrectiqhs to HPV'e, obtained from sensers
positioned near the.s/H;border, may be iess important for higﬂ
thermalecondhctivity material sensors than for those const;ucted
of low thermal eenductivity materialg.

HPVM's atIIOW‘HPV'S

‘

. - : .
4  The extreme sensitivity of the HPVM and HPVP solutions

to outs1de border cond1t10ns, (Fig. 12, p. 92; Fig. ié, p.
103, etc. ), was a surprise to me. Marshall (1958) indicated
that the.sensor needed to.be embedded 0.5 to 1 cm below the
surface'to minimize.the’effect of unknown heat losses on the
temperature rise data. I expeeted érragic performence fer

the HPVM configuration at these shallow depths as Marshall

(1958) indicated that the squate of the heat pulse velocity

values were + 10, glVlng a probable error of 3 to 4 cm h 12
In Figures 12, 18, etc., HPVM's are much greater than 3 to
4 cm h"l at all dept:hs less than 1.6 t9:2.0 cm. At Mgw = 0.5,
HPVM's are- between lO and - 15 cm h -1 and at Mgw = 1. 5, they |
-1
The availability'of the 16~channel HPV logger made‘itv

passible to experimentally test these simulated results. In

the first test at HPV = 0, sixteen'TefIOnlﬁeneors were installed

in a bolt cut from a standing dead tree7(MgQ;4 0.2 to 0.4;
SWT 1 - 2 cm) and in a bolt of green wood (Mgw = 0.7 to 1.0

SWT 4 - 5 cm), both Pinus contorta. The sensors were init-

ially installed to a depth of 3.0 cm from the bark surface,
: ‘ . _

s P e U R e S
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read 3 to 4 times at l-hour intervgls, then withdrawn by 0.5

cm to a depth of 2.5 cm, read for 3 to 4 hours and so forth

. to a flnal depth of 0.5 ca:

The experlmental results are. superlmposed upon RLM slmulatedr

G‘ LR

.curves in Flgure 33A standing dead, and F1gure 33B, green.
. x

In the "dead" log, 811 of the HPVM s measured were real (that
is not 1maglnary ifn. the methematkcal sense) and lie‘above the
simulated HPVM curve for sepﬁdod-moisture’fractioh 6.5, i.e.,
iﬂ the position one wquld-exéect for moisture fractions of
0.2 to, 0.3. 'By contrast- 90Z of the HPVM'sg obtalned in the ‘
}outer 1 S cm of the green wood bolt were 1mag1nary. The few

-
Wlues that were’ real-fell below "the simulated curve at sapwood
moisture fraction for Mgw = 1.5, approaching the simulated
values obtained with no heat loss to the outside (see Fig.
15, p. 95, HPVM, all plottings)." This,sensitivity te border
heat loss at zero 8ap movement should. be of use in determlnlng

D
boundary conditions to impose in future RLM sxmulatlons. Outside

border heat.loss conditions would be establlshed.by varying
them until the simulated results appro#imated the single sensot ; ;&
experimental reaulta.'
. Data)for a second test atbslightlyfhigher HPV'é, were
available as simultaneous measures 6f~ﬁPQA, HPVS and HPVM;for
the hacdwood potometer experiments‘(See Hardwood Potoﬁeters,'

p- 168). Teflon sensors were 1neta11ed at 0.2, 0. 5, 0 8 and

> 1.3 cm depths into sapwoods rang1ng from 1 to 1. 4 cm thick.



BT T T N e T T b i,

. 137
20 v
| I ¢
I . {
s x
v g + :
N ]
1 t
X g + 1 |
> 1 I .
o I 1.
I i t
: B+ i I
i 1
I 1
_S l-; .. N l N N -, N o )
B.2 g4y pg.8 1.2 1.6 2.8 2.4y 2.8 3.2
20
A & e
. B
IS .+ 1
I ;
s |
v . 8 t '
9’ l
£ g 4 !
> =:
L I )
I D f -
g <+ i . :
! . <
1 N
-..s l < L. q 4 2 2 A
2.8. B4 @B 1.2 1.5 a8 24 2.8 3.2

DEFTH INTO STEM, <M

Figure 33. Simulated (RLM) and experimental results with the .
HPVM one-sensor configuration at-zero sap movement in a stand-
ing dead dry (A) and green (B) wood bolt.  In.dry wood (a),
where thermal conductivity is relatively low,  the experimental
results at wood moisture = 0,12 (¥——X) lie at approximately
the proper magnitude for them in‘comparigonﬂwithﬂthe simulated
result at Mgw = 0.5 ( ). In the higher thermal conduct-
ivity green wood at Mgw = ca. 0.9 (X——X), the remilts lie
-in the wrong position compared to the simulated-result at .
Mgw = 1.5 ( ). (simulations at all moisturé contents
in boundary situations comparable to thése’gte given in Figure
24, p. 110, and Fig 12, p. 92.)
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HPVﬂdata were selected from all four trees to cover all depths

and a’ full range of magnitude of transp1rat10n rates from O . :

. to 120 mL h 1. Hourly sap - flow rates calculated from the HPVA

oy

and HPVS values were within P to 15X of water uptake by the . -
potometer trees. B LY ‘ v
Over the range of HPVA's and HPVS's encountered .in these

N Y R . I .
trees (-2.8 to 17.7 cm.h 1), they bear no relationship to HPVM's

(Fig.cBQ) " "The coeff1c1ent of determination (Freese 1967)

Rz, at each depth (0. 2 0.5, 0.8 and 1.3 ) is 0.19, 0.12,
~0.00 and 0.11 respect1ve1y, whlch 1nd1cﬂé§§>essent1311y no

correlat1on between the two variables. These data 1nd1cate

.
v

P : %,

that the single sensor HPVM measurement technxque is not. usable - o b

)

for estimating transp1r§t10n 1n conlferous and diffuse porous L 3

. " a
trPes where measured HPVA 5 or HPVS 8 are generally less than N
-1 . | o o
20cm h 7, :

o

Accuracy of the HPVA and HPVS sensx ng onflg rations- at zero

Kl
. 47 Y

The data sets obﬁéiﬁéd*frOm the green and standing dead

t

wood bolts above  were also useful for determlng the accuracy of

o e

o

.the HPVA and Hva%ﬁens1ng conf1gurat10ns at zero sap flow.

E1ght of the @ﬁ?seﬁsors in each log were in the HPVA- confxgura—v o

~ tion (~0.5,0§%30 cm) and elght arranged for HPVS (-0.1, o 1.0 cm)

Averageé BPVA 8 ranged from.-o 81 to 0.66 cm h™! and. -0 6a
to 1.06 cm h & at the 1nd1cated deptbs in the green and‘dry Sl
v '

logs reapect1ve1y (Table 14) comparable HPVS 8 were -0.11 to-

0.94 cm b1 and 0.08 to 0. 75 cm h 1. This range i'gs_.typxcal _
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Figure 34

conf13urat1on at several
was greater than .Zero. -
for. the ‘sensor depths.
(A) 0.2 cm, (B). 0.8 cm, -

ff"vxrtually no.. correlatzon
o and HPVM'&.Q;

'ls 28 '465‘fs”f
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Exper1menca1 reeulta uszng the s1ngle sensor HPVM
sapwood depths -where.'the" .8ap. movement
The B/S border-is the" reference point
Sapwood chxckness was 1 to 1.4 cm.
(c) 0.8 cmi, (D) 1.3 cm.
between measured HPVA, HPVS values
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k‘,The standard error varies from + 0.25 to + 1 02 cm - h -1 in

‘sapwood, but the data from ‘both conflgurat1ons are’ of comparable

.. ’ N e <
.
'

. of the few experlmental data L have obta1ned using these analyses. 3

5"

.

i wood at phys1ologlca11y relevant m01sture contents, and from

*.0. 25 to + 1 30 cm h 1 in very dry wood The standard error

in HPVS measurements is sl1ght1y less than for HPVA 8 in. m01st

accuracy

VR L

.Errors in HPV's at zero sap flow ar1se from three sources.°

1) an 1nexact knowledge of the d1stance of each sensor from

et N

the heater' 2) nonun1form thermal d1ffuslv1t1es of the wood

a “

' 1nterven1ng between the heater and the up and downstream sen-

sors' 3) long1tud1nal temperature grad1ents exlst1ng at the

<

. time of HPV measurement. The latter two are Iargely unav01dable.

.~ to establlsh unlform sap~speeda greater than zero 1n order we

L3

L although the dependence cf wood thermal prOpertles on mo1stu£e'

veloc1t1es ) . ff W

Tberefore, these standard errors should probably be applxed

to a11 HPV s. ("Probably" because it 1s v1rtually 1mposslb1e ' 'l l;;‘{afy

o SR B
to obtaln a s1m111ar estlmate of errors at h1gher heat pulse oo

"
Moisture content from Ivggktudlnal d1ffuslv1t1es

As noted in Chapter II Equatlon 17 (p. 26) can be used .

to calculate wood o1sture content from measured long1tud1nal

thermal dlffusl it \and wood baslc denslty.-The feas1b111ty

of do1ng 80 and the accuracy of wood m01sture contents der1ved

in th1s mgnner has not, to the best of my knowledge been tested

141
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““content isiwellvknown (hacLean 19Sb .Sian'l97l) ‘ The data
sets from the 16~channe1 HPV data logger prov1ded an oppor—
tun1ty for a f;mlted test of th1s techn1que here. ‘L""
Long1tud1na1 thermal d1ffus1v1t1es were avaxlable for
N\ o f iltwo aspen and two birch trees (pT1, PT2, BPl BP2), one spruce .
. lysrmeter tree (PGl) and two p1ne log sectxons. For eaeh of
the above, actual moisture fractzon, (dwb), was determined
at the end of an HPV deta sequence. M01sture contents of the
_potometer‘stems and standlng dead bolt were determrned from‘
four disks obta1ned at both ends .and near the centre of the
stem portlon contalnxng the HPV probes. The m01sture contents
f}' ' of the potometer stems were obtalned near, but not- d1rect1y
f*l} ' fbiat, the probes because 1. needed to preserve these sections
8o that wound sensor spac1ng and sapwood dlmenslons could
o be ascertalned for calculetlng transplratlon. Mo1sture content
of the green bolt was determ1ned from four‘sets‘of 4, 5 mm d1—
aneter increment borlngs on the opposlte side of the stem . from
the HPV probes, taken at the start and Jz-iiSJ;s vslater at the . ﬁ
.eonclusion.. In the 1ys1meter tree, PGl wood samples at the ’

probes could be exc1sed for m01sture content determlnatlons

because, shortly after thls last set of sensors was 1nsta11ed,

" the trée falled to resume’ transp1rat1on (after being held dormant

'vfor almost 3 years) and the physleal measurements needed to

. w..-

estimate wound, were not needed for these probes. - - -2 _




4.

;‘;gaéalcuiéged; MgW(Dl,Pﬁ); aﬁd,aétﬁal;vﬂg; (dwb),‘moisture
A£;a;tiong.(§11 data) were closély relatéa bv;r.ﬁheir.full range
(Fig;‘BS): Mgﬁ = —9.041 + I.IZMgw(Dl;pb);:Rz - 0-8969g S; -
0.16. In thé‘range of.ﬁh}sidlogical inférest, Mgwlw 0f6 to

1.2, the 1:1 line is as goéd a fitwofﬂthé data as.the least

A S

squares:regressiOn line. fﬁé’étgndérd error of 0.16 is not
a greét'deal higher than’the hofmal.range dhe.encounters in |
measﬁtiné Mgw from incféméht:corés étavime;fi;aily-(ﬁnpublished 
’méasureménts). : . |

J“’i

Average calculated and measured moisture contents in,the

spruce Iyaimeterltfhe,_PGI‘vere’egsentiaily identical and.the

. two values were highly_correlated (R?'= 0.8547)."Tﬁe §aléu1atéd,

4

‘and measured moisture contents at -each- probe set were generally .

within 102 of-eachvother.l/
: . s R

QUANTITATIVE‘RESULTS IN_SEMIFIDEALIZED %ITUATIQﬁS.:‘f
'Intrpdué;ion

The radial longitudinal médél-simulqiions indicate that

1/ One thing I did note in this test:~-the_avérageimoisture
content fraction. at 24 probe sets installed 3-years earlier
was 0.66. compared .to the 0.88 obtained here. This differ-
‘ence could be the result .of a gradual drying out of the
‘noncnvecting wood in the plane of the sensors during
wound development. The wound at freshly installed sehsors

" in‘actively ttanspi:ing‘trees'is'firstievidentfgs a lighter -

colored tissue above and. below -the probes. Later this .

lightet:tiséue'may‘becomeﬁtégip fifled, darken and broaden

as the tree reacts to the wound. ‘No-such lighter colored
tissue was noted in the plane ‘of °these newly-installed
probes presumably because*ndftranspitattOn was occuring.

2
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.o 3 .
HPVS's or HPVT' 8 measured - in the sapwood at 1 cm or hore from
*both' ‘the bark/sap wood ~and sapwood/heartwood borders .are 11tt1e
1nf1uenced.by.these boqﬂers.* If this f1nd1ng also app11es

to. real s1tuat10ns, then correctlons for wound ‘and sensor ma-
A

terLals, as derlved from the tangent1a1 longxtudlnal model
should account for most, 1f not a11 of the departures from
theory in these aem1-1de811zed.altuatlous.'

| In cases where the idealized. cond1t1on has been approached . ",. LR
emp1r1oal correlatlons between HPVT ahd measured transplratlou‘
have generally been excellent. Decker and Skau (1964) reported

that hourly sap v¢10c1t1es (actuelly HPVT' s) and . hourly trana—

p1ration rates measured in‘a vent11ated tent were closely cor-

'_v_related in several part1a1 day determlnatlons in aleppo pine

B

(Plnus halepensls Mill), Utah juniper- (Junxperus osteosperma

(Torr ) thtly) and a111gator Junlper (J deppeana Steud)
They do not state how closely correlated but thelr graphs

b1nd1cate R2 8 of O 9 or better 2/

Hlnckley (1971b) reported s1m111ar1y good results (R

= 0.83) in 3. 0 to 3. 5 cm’ dlameter D0uglas f1r seed11ngs (Pseudo-
‘. o : :
.

2/ Neither do they atate the d1ameter of the stems nor the o S
© Placement of the sengors.with respett to the S/H border. '
'a'1n their article. I have their original HPV data. The
stems were 10 to 15 cm diameter and the staxnless steel
_sensor tips were placed at 1 cm depth 1ncrements “from . :
.-the B/S interface for ‘4 cm into a 3% cm thick sapwood T
80 that at least 2 of" the 4 or 5 sensors emplaced in each -
. tree were relat1ve1y free of the border effects. ,
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' tsuga menzeigii (Mirb) Franco). "HPVT's were. compared with

transpiration meaSuredlby ﬁeighing; All of the- stainless steel

senisors were anserted to the centre of the stem whlch was’ presumr

. ably all sapwood. Thus the sensor t1ps were 1.5 cm ftom the )

_4

outside, approx1mat1ng the 1deallzed COﬁgltlons for app11cat1on.

gnantltatlve compar1sons

Prior to this study, I conducted three expér1ments to

'\‘ef\:§p1r1cally relate transpiration values calculated k\om HPV

' fort101des), a d1ffuse porous hardwood (Maylan and Butterfleld

P
measurements with those obtalned from we1gh1ng 1ys1meters with -

aleppo p1ne and Monterey pine (P. rad1ata), and one cllmatlzed

cuvette on New Zealand mountaln beech: (N solandr11 var clif-

T
-

' 1972) In each of thesge exper1ments, the near 1deal1zed cond1t1ons
above were met as at least some of the sensor tips were emplaced

‘-.1n sapwood 1 cm er_more from both the B/s and S/H borders.

1. Aleppo pine on a-lysimeter (PHl)

5

‘This test wasq%érrled out at the U..S. Department of Agri-

culture's. So11 and Water Conservat1on Laboratory at Tempe,

Arizona, dur1ng the summer of 1967 (Swanson 1972) An aleppo

plne measur1ng 6 cm dlameter outsxde bark 5‘! tall was grown
in a 1 m3 container of soll The conta1ner was covered with -

polyethelene to prevent evaporatlon from the 5011, and placed

<

.on the 8011 and Water Laboratory 8 1y31meter number 3, wh1ch
was at ground level in a f1e1d adJacent to the main bu11d1ng

'complex. Th1s 1ys1meter was capable of detectlng wE1ght changes

a

e
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A

as small as 10 g in a total weight of 3000 kg (van Bavel and

Myers 1962) In my app11cat1on, the permanently 1nstalled

1y81meter was used as a sensxtlve weighing platform to detect.

welght loss as a'measure of transplratlon by the tree.
An HPY probe set (glass bead thermlstors 0.24 cm daameter, IR

0.16 cm. d1ameter brass heater, spaced 0 5,0,1.0 cm) was 1nstal—

led. at mid-xylem depth between the 3011 and the flrst live

" branch. Sapwood th1ckness -at this sensor, 2. 3 cm, was taken _ﬂ'

as the depth at which the m01sture fraction declined from approx-'
1mate1y 1.2 to 0.4 (dwb), - tesu1t1ng in a sapwood area of 23.1
cﬁz. Wood basic denslty, 0 45 g cm 3, and mo1sture fract1on,

1.21, oven dry welght basls, were determ1ned from dLsks ot

i

-
. the stem taken at thlB sensor at the conclusion of the study.

__ISap flux was calculated us1ng Eguatlon 21, i.e., & spec1f1c

application 6f Equation 10 (p. 23) ‘to this case, and trans- &

p1rat10u (TR). from Equatlon 22. (In th1s case with only one-

sensor set the part1a1 and entlre sapwood area were the same, )

?

~

Sap Flux = 0.45(0.33 + 1.21)HpV

0.69HPV mL cm 2 p7l.- C(21)
‘ahd S

0.69(Hpv)(sa5wdod area) -

'y TR

15.0(apv)':hi'hfI o o (22)
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After installation on the lyslmeter, the tree was watered for
several days unt11 predewn xylem pressure pqtent1a1 (base po-

tential, BP), as measured wlth a pressure bomb, stabilized

at about —1 1 MPa (Scholander Hammell Bradstreet and Hemmingsen

1965, R1tch1e and’ Hlnkley 1975) .= 3/

Water was witheld, HPVT's‘and weight'loss measured until
. . ’ &
transpiration reduced BPfto -3, 2 MPa, then the tree was rewater-

'ed to. BP = ~-1.2 MPa, and a second cycle of post drylng HPVT's

and we1ght losses were obta1ned Durlng the two week durat1on

of the study, da11y air temperature averaged 33° C; vapour pres—

sure deficits 22 to 27 mm;Hg.; Data obtalned‘from days during

which rain fell were excluded.

'HPVT's were calculated‘from'hour1y~rec0rded timé-temper-

N

ature difference trace33 usin& Equation 5 (p. 21), during 4 d

" of the initial drylng per1od and for 3 d subsequent to rewater1ng

Transplratlon and 24.h weight losses (00 to 23 h) expressed

11:;as hourly. averages for these 7 d are plotted on F1gure 36.

Ky

Transplrat1on has been’ calculated uslng both uncorrected HPVT's -

"(ope&\squares) TR(OO), and corrected HPVT's (f111ed squares),

<

TR(28) at W= 0.28, (0.24 cp'sensor d1ameter-+ 0.04 cm for

vertical misalignment). Corrected HPV's (HPVC's) were

~3/ 1 do not know why BP was §o low at the well-watered con—_‘
-0 dition in this tree buf this is a poss1b1e explanation,-
.. Aleppo p1ne is a salt tolerant species and. ‘Tempe's water
' supply is somewhat brackish. A high salt content in.the
801l would cause low water potentials. . The salinity-
of the 80il was not measured at the time of the study.

5
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weighing lysimetry and calculat‘:tom heat, 'pulse velocities.
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obta1ned in accordance with Equatlon 23 derived from the TLM
simulation results (Table 20, p. 216)

o

© HBVC =.1.524 + 0.964(HP¥I) + 0.124(HPVT)? cg h-) (23)
' A T . : )

The unborrected'velues, TR(OO), are in Iarge dieagreeﬁent with

the 1y81meter, whlle those corrected TR(28), lie very close

"to the 1:1 11ne. The total of 7d. transplratlon TR(OO) was

17 3L, TR(28) 36,5 L and 37 2 Kg by lyslmetery.

' 2. Monterey p1ne on load cell (PRI)

"This test was carr1ed out 1n the~New Zealand Forest Research

Institute's growth chambers at Rotorua New Zealand durlng
. .

1974. The ‘primary purpose of thls study was to.examine the*

‘ reaction of P. 5radlata growth processes to drought stress _ "

(Rook Swanson and Cranswlck 1976). A tree meaaurlng 5 cm di-

~

ameter (dob), 3.2 m tall was grown in a 1 m3 conta1ner. The.‘

: contalner was 101nt1y supported by three load cells. The pre-

g'c1slon of this welghlng aystem (250 g) was conslderably poorer

than that in the aleppo plne‘sC6dy because of mechan1ca1 noise

‘genergted by motion of the moveable floor 1n the growth\fhamber.

This floor was desxgned to be vert1ca11y p081t10ned to maintain
various light Lnten81t1es at follage level
Three HPVT probe sets (0. 16 cm d1ameter glass rod thermlstor

sensors, brass heater, spaced O 5,0,1.0 cm) were installed .

at 1 cm.and 3 at 2.cm depths from the B/S boundary into the

e

150




1216) as:

-

sapwood. The partial sapwood areas at the'atart.of the study

.

were:

1 cm sensors sapwood area (A

-

2 cm sensors sapwoodyarea~(azo) *-0.4'cmzj

.-

The eensor t1ps at 2 cm deep, vere. much less thqn the

1

correctlon to these HPVT values because these sensors

on total transplratlon calculatlona.

-

"1 cm from the S/H border. HoweVer I have not applled

;'glass roda, they represent barely 2z of the total area and

'whether corrected or not, the1r HPV values have 11t1e bearlng

_values have been used in the trans

) = 17.9 cm

1qeaiizea

The1r wound corrected

piration calculatlons‘below. .

The area applicable 'to the 1 cm depth sensor was adJusted o

Eduatlon 25

Sap Flux = 0. 30(0 33 + 2. 15)Hpvc

= o. 74(m>vc) al cm '2’.—,1 |

v for growth between the f1ret and second dryxng measurement

- cycles. Sap flux vas calculated u31ng Equatlon 243

TR =’0.74(A10HPV16

HPVT's were corrected at' W = 0 20 (0 16 + 0.04 cm allgnment

error), ugsing the TLM slmulated coeff1c1ents (Table 20, P.

trahepiration

T
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o 4 \\ . . » : ’ : . | . ‘ . ‘ . 152. :
< . PR A »'\‘. / ’ . 2 ‘l ” L
"HPVC = 0.807 + 1.203(HPVT) 4 0.058(HPVT)® cm b7l (26)
= ~ R S :
. The day the HPV probes were 1nstaﬂﬁed was considered as day
one in descrlbxng the sequence of events below. j T

Welght loss and HPVT were followed over two 8011 drylng

cycles.” Air temperature was malntained at 21°%¢ day (07 to :

¢

17 h), 17 °c nlght. Day rad1at10n was approx1mate1y 400 Vom %ﬂb..
(PhAR) supplemented w1th 3 h of low level 1ncandescent radla- e

tion (approxlmately 10 W m 2) on elther 81de of the- photosyn—i ;J . ?“ﬁ‘yt7 “?-j

4..

R thetxc perlod Day and n1ght relatlve humld1ty was malntalned

S

at approximately 701. The tree/was well watered from day 1 - L;]b
to 11 to BP = -O 32 MPa, uate w1thhe1d for 32 days to BP -
1,25 MPa, frequent gateﬂeﬁg/for 62 dayaxfo BP = <0, 64 MPa,~
.water w1thhe1d to BP/- -1 74 MPa and then. rewatered for a second

regzrery per1od The HPV probea 1nstalled on day one " were
used throughout tée ent1te 152 days,/tncludlng the second re-'v

- covery per1od Twenty-four hour average welght loss and TR(OO),AD* _ f
'TR(ZO) calcqlated from hourly readlngs of HPVT's (3to 21n) -

on days 12 (BP = -Q. 32 MPa) 31 (BP = —1 OD MPa) 43 (BP =

-l 25 MPa), 104 (after flrst rewaterlng, BP = -0. 64 MPa), 123

v'(BP = -1 15 MPa) and 137 (BP - ~1 74 MPa) are shown on Flgurejf

37. The corrected valueg at W= 0 20 cm’ for the first dry1ng

by

' cycle (filled squares) are v1rtua11y 1dent1ca1 to those obta1ned )
from Welght 1088, those from‘the second drylng cycle (ha1f-‘"°¢~§g: .
fllled squares) - are not. Daily totals:for,the frrst drying

, "
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o gure 37. Transpzrat1on«of P//radlata as determ1ned by we1ght'
.- lo8s: an calculated from-heat'pulse_VQ10c1t1ea. e
S4B fron ues

f3’ ndA137 aftér éwat Lng>
lele ‘

) ond.. y1ng cycle.
':the sama data correctes 1C




v 5

e border. A thermoelecttrcally cooled cuvette coupled to a quh-"

“:'cycle vere TR(OO) 3 6 4 1, o 9 L & 1, TR(ZO) 7.6, 8. 6, 1. 5

'xdata and found that the calculated transprratxon and we1ght Co T

"T loss values were essentlally 1dent1ca1, i, e., 9 4 4 6 and

R Thls test was carr1ed out 1n an 0pen grow1ng natural stand

. w1th two sets of HPV probes (0 16 cm' dlameter glass rod ther-:,'

, S1emens gas exchange pnlt was used to measure water vapout

L d ;; ve;sus welght losses of 7 4 8 5 1 5 Kg d -1 respect1ve1y.. '; B S

- :
I tr1ed correctlons at W = 0 28 cm on the second dry1ng cycle

Vo

"».

1. 3 L dll from Ta(zs) versus- 9 4 4.8 and 1. 3 Kg d - welght

loss ' These data 111ustrate the necessaty for measur1ng wound

or the use - of freshly 1nsta11ed HPV probes, where 1n1t1a1 wound

w1dth applles. In th1s case, the 0 28 cm wound was not measured

nor were . probes 1nsta11ed at fresh locat1ons. ’

vo- .t . . ' o

e

3. v New Zealand mountaln beech - clxmatlzed cuvette

Coa

,-ﬂ_

of mountaln beech on a. m01st sxte with good dralnage 1n Cralg;e-lé;‘
burn Forest ?ark, New Zealand durxng January 1975.. Four trees
1n close prox1m1ty, measur1ng 10 to 12. cm d1ameter (dob), appprox-"' !

lmately 6 m tall, and 20 years old were each 1nstrumented

m1stor sensor, brass heater, spaced 0 5 0 1. 0 cm), 1 set at

1 0 cm and a second at 2 0 cm 1nto the sapwood from the B/S ‘

loss from one branchlet on. one of the HPV—1nstrumented trees
(6 m t&ll 22 years’ 11 em dbh) The enclosed branchlet con_.;:ff :oﬁ,.e:‘”,yr.

/ ERIEI
talned 253 leaves.l At the end of several slmultaneous HPV-vapour 3';




> ’ ) : o ' '\

Ffloss measurement runs, the brsnchlet and the ent1re tree were

e A

Rut .

~x.,% " . o o

fharvested to obtaln an estxmate of total crown leaf area, sapwooi\

_area, stem wood denslty, atem wood mo1sture cpntent and wound

v i

i?w1dth at the HPV probes.~ Halfjhourly measurements of vaponr ‘
. vloss in the cuvette were extrapolated on the basxs of crown o

-” leaf area, to the whole tree as an‘estlmate of transp1rat1o§.»;
‘ !

.Slm111ar1y halféhourly values of HPVT's, obtaxned from a11

-,’fourjtrees, were averaged and applled to.the appropr1ate partral
}.hsapwood area- of the tree sampled by the'cuvette, to est1mate

.transp1rat1on from 1t.‘ These trees were wellmwatered (BP *" | T
.o;-O 20 MPa) by steady ra1n for 5 d prlor to a 7 h perlod (1030 :.:,

L—173O) of slmultaneous HPV?*vapour loss measurements .on 30

_‘,.. . s
“‘ B

, January (Swanson, Benecke and Havnanek 1979)
The accuracy of measurement of vapour loss in the cuvette
=_:1Was found to be ¥ sz when properly cal1brated (Swsnson et al

1979) Numerous cr1t1cs of thxs type of techn1que have suggested

'vv:aan overall accuracy of *: 202 Thxs 1n not- as accurate an- 1n- L

\

dependent transpxratlon measurement as wexghxng 1ys1metry.
Wound w1dth at- the senaors was 1nd1cated by darkly sta1ned

ox1d1zed tlssue in the sapwood 0 45 to 0 50 cm w1de in: 11ne »°1ﬁ

v.' ‘ k. - ’- -’*'.‘. “4. . ‘.-4‘.\'

e wlth and above and below the probes. The part1a1 sapwood Areas

dcentered on each sensor t1p were A ':= 49 5 cm2; A20“=:51;01§m33f‘

“'“5SaP ﬁlux derlvedgfrom wood mo1sture and densh y &

. !\ “
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'fOur trees, were averaged and applled ta the approprxate part1a1
"sapwood area of the tree sampled by the cuvette, to eat1mate

; '-transp1ratxon from 1t.' These trees were well watered (BP -y

I-l730) of 81multaneous HPVT-vapour loss measurements on’ 30

centered on each. sens?r t1p were A

- 1 .
, 7155

loss measurement runs, the branchlet and the ent1re tree were .

; —
harvested to obta1n an estlmate of total crown leaf grea, sapwood -
area, stem wdod denslty, stem wood m01sture content and wound
w1dth .at the HPV probes._ Half-hourly measurements of vapour S .

‘ loss 1n the Cuvette were extrapolated, on the baa1s of crown ¢

s

»leaf area, to the whole tree as an eatlmate of transpzrat1on.

: 'Sxm1l1ar1y half-hourly values of HPVT'a, obta1ned from all » g

.

3

;'”*u-o 20 MPa) by steady rain. for 5 d prxor CO a 7 h. per1od (1030 =";;.~ é<

~January (Swanson, Benecke and Havranék 1979)

- q S - : S "'. ..
The accuracy of measurement of vapour losa 1n the cuvette

.waa found -to be + 52 when properly calxbrated (Swanson and others
-’1979)., Numerous cr1t1cs of th1s type of technlque have suggested

an overall accuracy of + 202 ‘ Thls 1n not. as accurate an 1n-,.." '

‘)r . . o

_dependent transp1ratlon measurement as we1gh1ng lys1metry.

Wound w1dth at the sensors wasv1nd1cated by darkly ata1ned

;oxldlzed tlssue 1n the sapwood O 45 to 0 50 cm w1de 1n 11ne "' "y

w1th and above and below the probes. The part1a1 sapwood areaa '

, .
0" 495 cmz, Ay .- 51 0 cmz.

Sap flux derrved from wood m01sture and densxty at the end
“‘;of the exper1ment was calculated usxng Equation 27* transpiyationV'L

-wlth Equatlon 28 ﬂ_f;;_;7fff*" ‘-;f”=%':"i e

T . EEEEE " ! R . B

. !“’"{‘:?iw”lfﬂlffé‘;j

e e e s




Sap flux = 0. 76(0 33.4 0. 53)HPV '

5**—7 ‘ - o .
TR = o 65(49 SHPVTI'vf‘SI.OHPVTéd)rmL,hTI' .. (28)

. ;;Hpvyfs,were correctedfét pﬁ-,6,48?(r§b1e“zb,‘p;1216)] ‘
; R . B o .:“l . o
HPVC = 2.658 + 0.772(HPVT) + 0.424(REVT)? cm 1L, (29)
Transp1rat10n for the 15 half-hourly perlods was calculated

L uslng both measurement technlqhes (Fxg._38) The total trans-

= 0. 65HPV wl, em 2yt - en

-'plratlon for the 7 h‘perlod by the dlfferent methods was‘ cuvetﬁe';

12:2 L; TR(OO), 3. 2 L Tx(as), 13 4 L. S 7“.‘“

QUANTITATIVE RESULTS IN MARGINAL SITUATIONS

Introductlon Q.' _f:‘-i}“vf' } f“':;_ fro_r ‘5“}‘7}‘3

Marg1nal appllcatlons are those in wh1ch none of thed

B senaor t1ps ‘can be 9031t10ned at leant 1 cm” from both the bark/

'sapwood and sapwood/heartwood bordera. In thzs sectlon I preaent (_’7

ks 'V¥§4..“ .,"

the results of e1ght ifquantltatlve tests of measured .

r versus calculated transplration 1n tree atems wlth sapwooda B
ranglng from 0 9 to 1 4 qm th1ck . The f1rst four of these'
| were in wh1te spruce (P1cea glauc (Moench)Voss), the last

,;four were 1n d1ffuse porous hardwoods, two aspen (Populus trem-';.

lulo1des M1chx ) and two paper b1rch (Betula‘pgpyr1fera Marsh )’dpf

These tesus were carr1ed out in the env1ronmenta1 growth

; ;chambers of the Botany Department pf the Unlver81ty of Alberta =

6

'\.':
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“in null balance mode. Wexght loss over a g1ven t1 e period '

lyszmetera were capable of detectlng we1ght changes of approx—.'§”

vy o
Ln the P}i emu101de8 and B. Eggzr1fer experlments., I could »'/"3

“ on a 4-channe1 strip chart recorder in the P. glauca exper1ments. R
' Permanently emplaced HPV probee were 0 16 cm d1ameter gIass
»Arod thermlator sensors, brass heater; apaced —0 5 0 1. 0 cm. 2
l'w°od momsture contents den;1t1es;-sapwood thxcknesses and

sensor placements were determlned by destruct1ve aamp11n§ at.

| {’. L:‘il “13,,.5' ' ':d_ o
: R e T ’_
dur1ng the per1od 1978 - 1981 FOur welgh1ng lyslmeters were

constructed from steel angle she1v1ng mater1a1 after a cable-“

p1vot balance des1gn of McIlroy (1975) (Appendix c , operated

‘was’ determ1ned by addlng coun;er wexghts to the 1ys1m,ter to 5? : ‘._'“' i,v.’

brlng 1t back to the preVLOus tlme B balance p01nt. These _ ol ’

‘ .’l : -

1mate1y 50 g in a total velght of 500 kg. Two were xnstalled

-1n chamber 3009—2 and two in. 3009-3 to measure welght loss*'gl

s R N

as an eatlmate of tranaplratlon 1n P._glauca.'-" 2 {.

.
P
i

: Severed stem, whole tree potometers (Append1x D) were . ;gf" T
. ~. . _’

used to meaaure water uptake as an est1mate of transp1rat10n

Lo S
detect changes in’ water levels of 1 mm,lrepresentang an uptake RS ;_ o .h"l
_ of 3 mL w1th th1s technlque. | o f}”‘v E l‘vt";:d'v | {;. o o ?
“ HPVT § were- measured usxng a manually-read HPVT meter . ’dd i . ';;‘;)i
(Swanson 1962, 1974a) and recorded temperaturerdﬁfference trsceh' | :.:s & }%
- ;. < L

! t

\\|’

the conclua1on of each exper1ment.; VariOus 11ght 1ntens1t1es

.v.,., ; e R

(fluqrescent PhAR) WQre
! Q

o




‘ 1ment, 1s g1ven 1n Appendix D.

I SRR B ¢f’/'-~,

'tained at 20 + 2% nlght and day (09 - 21 h). Relat1ve hum1d1ty

',was not controllable, fluctust1ng between 20 and 60%.

In the potometer experlments, HPVA or HPVS D1 and HPVM

T e

- -were cq}culated Erom upstream and downstream temperature offset
~ data obta1ned us1ng a l6~chsnne1 HPV data logger espec1ally

“deslgned and constructed for th1s study (Append1x E).. Reuaable

..0',

'0 16 cm dxameter thermistor sensors made of low thermal conduct-

S ivity Teflon mater1als (Appendlx E) were des1gned for, and .

used thrOughout, the four potometer experlments. Wood mo1sture
-

content wss est1mated cont1nuously, us1ng Equatxon 17 (p. 26)

-'from calculated longltud1ns1 d1ffus1v1ty at each probe set ”
-and an‘average wood baslc denslty for each tree (Pb was deter—
~mi3ed for each stem at the end of each experlment) _Both.thﬁv'

.'HPVA and HPVS sensor confxgurat1ons were: used The. depth place-,ﬁ

ment of sensors, whlch was d1fferent in each potometer exper-'
.~ ‘ N

\ .

guant1tat1ve compsrxsoqs o e -

. Wh1te spruce lyslmeters (PGI PGZ, PG3 and PG4).

. our wh1te spruce trees, 4 - 6 cm dlameter, 25 to 3 ‘m

-

tall 20 to 30 years old of unknown provenance were removed

. from an abandoned nursery on CBe Kananask1s Forest Experxment

v

ST
Stat1on, Seebe, Alberta, durlng May 1977. A trench, l mvdeep,

",Qtsuaportxng each treezyn wooden contaxner, w1th steel angle ‘
‘.relnforcements on the sldes and corners, was built about thls -

—

s

[

B was dug around a 70 by 70 by 70 cm cubq.pf ‘801l and root mater1a1 n )

159
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i

.

soil volume tak1ng care not to dlsturb the tema1n1ng ‘Toots

'w1th1n 1t. A.hydraullc lift was. used to transfer each contalner

*

and tree to a truck for. transport to the Northern Forest Research

Centre nursery area at Edmontqn, where all but one . of the trees '

. remalned out doors until June- 1978. One tree, PGY, was'trans*

fered 1nto growth chamber B009~2 in January 1978, the’ remaining

‘three 1nto chambers BQbﬁfé and BOO9-3 1n June

_ The contalners were covered w1th plast1c sheet1ng to reduce

R s

evaporat1on loss from the so1l A welghlng apparatus (Append1x

Y -
ently 1nsta11ed on varlousgdates and to'various sapwood-depths

‘

(Appendlx c) to achexve three goals‘;'
(1) To calculate transp1ratxon for comparlson w1th weight
~loss under several xyl‘m water potentials.

(2) To determxne if 81mpl

b loss became erratxc
: drought streps.
(3) To see if the sapwood/heartwood boundary would be

1nd1cated by the’ rad1a1 depth pattern of HPVT values

, -'so that sapwood area could be calcujated wlthout

a need for ;ncrement cor1ng or othe destruct1ve
sampllng.‘ _ e T
N . " : o ) K

_ Meagured and calculated transp1rat10n values are g1ven

for the four treea for all. complete data days in 1978 4Tables

'_‘C) was assembled about each contalner. HPVt probes-were,permanfe '

S

] : .’.'\." t o . . e ‘
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15, ‘16 andf17) The sapwood mo1sture content and wood bas1c
5dens1ty for sap flux calculatlons were obtaxned when the trees’
o were-destructlvely sampled 1n 1981 (trees PG2," PG3 and PG4)

‘or 1982 (tree PGl) (see Append1x C. for samp11ng and sensor

1nsts111tron schedule for these treee) Calculated transpxratlon o

of each tree is. the part1al area (part1a1 areas g1ven in Append1x

' ..C) summat1on of that determlned from a11 sensors in. the sapwood

that were Lnstelled oﬁ day one (for that tree) at no wound

'TR(OO), or. W = 0.20 cm, TR(ZO) A _constant sapwood m01sture
i

content and wood density, spec1f1c to trees PGl and PG2 was
applled to the1r data wh1ch commenced on 30/06/78 and’ contlpued

through 20/08/78

1 . -

' We1ght loss, TR(WDQ, rs the totdl welght loss less a cor~

. rection for evaporatlon from the contalnen (Append1x~C) at
the glven llght 1ntens1ty snd s1r temperature. The welght
losses (09 - 21 h) of tree PGl and PG2 (Tables lS and 16) are
the aVerage of the losses ftom 09 - 13, 13 ~ 17 and 17 - 21 h

’w1th an error of eséemace of * 50 g for each of the three deter-,

m1natlohs. The cumulat1ve error for the thLee we1ght deteran- o

ati‘bns is + 12 g h "L edr each 12 h data peuod 30/06 through
20/08/78 The we1ght losses of trees PGB and PG4 (stle 17),

08 - 08 h are from a s1ngle determlnatlon at 08 h each dsy.

The error estlmste for these lossea is: 50 g averaged over 24 h -

or approxlmately 2 g h lﬂ ,$r“?:
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- Table 15. Quantitative comparison of transpiration as measured by .

weight loss and as éalculated'from‘heat Pulse velocity data in white .
Sspruce, tree PGl. Air temperature constant day-night at. 20°C, "daylight"
09-21"h. Transpiration calculations are: TR(00), no wound, raw HPV

data; 'TR(20), 0.20 cm wound corrécted_ggVT's, Sapwood- moisture content
0.88 dwb; wood basic -density 0.44 g cm °," . ‘ S : ,

T 3 3 4 % S A S
1978 Period BP  RL LI ~TR(WL)  TR(00) (7/6) TR(20) (9/6)
" Da/Mo  h-h _MPa_ s cm! m? g R T I mLnl! %
e : \ ‘ . o R i
30/06 -09-21 -0.45 83 g4 s 23 46 400 80 .
01/07 -09-21 -0.45 17 106 83 . 51 61 87 - 105
02/07  09-21 -0.45. 19 170 113 - 66 58 Nl 98
07/07 - 09-21 -0.35 ' 45 64 . 31 .. . 13 42 2 87
08/07 . 09-21 "-0.45 ‘27 106 = 98 . .49 - 50 8 82
09/07 09-21.-0.40 - 25 179 TL.1as e s 127 .88
14/07  09-21 20.40 25 . g4 .48 . 26 sy 45 94
15/07  .09-21 -0.45 20 106 (112 .60 58 © 99  gg
16/07.  09-21 -0.50 _ ' 16 170 157 .18 .50 134 85
21/07  09-21 ~0.60." 25 1;0 129 80 62 10 109
22/Q7  .09-21 -0.50 17 170 118 . - 85 .72 144 122
23/07  09-21 -0.45 25 170 126 81 64 140 111
. -28/07  09-21 20 170 - 120 - 68 - 57 - 116 97
29707  09-21 L0023 1700 131 - L35 57 130, 99
30/07 - 09-21 5% 1900 139, - 73 53 125 90
1 04/08 - . 09-21" 40 170 T 104 . 50 48 g3 go

.05/08  09-21

| 69 170 96 -y 44 46 72 75
06/08 °.09-21 -

69 170 92 , 37 40 ' %0 . 65

11/08  08-21 -1.00 45 170 33 10 30 23 - 70 .

. 12708 09-21 -1.00 63 170 394 o 17 a4 - 31 79

. 13/08 .. 09-21 -1.05 47 . 1700 38 1 37 271 o7
. ST . S e
18/08 " 09-21" “1V25. . 134 ¢ 170 27 - 10 37 22 - 8l

o 19/08 - 09-21 -1.25" 4g.:: 170 18 . 9 50 22 3122
- 20/08, 09-21 -1.40 62 . 170 19 1 e 28 147
o ' Mean 86.1 461 I (Y

- ] ,
: ¢ ' v oy X :

e Seamad
B9 -
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Table '16. Qnaﬁtitative-dbmparison of transpiration as measured by

" weight loss.and -as calculated from heat pulse velocity data in white'

. spruce, tree’PG2. Air temperature constant day-night at. 20°C, “daylight"
09~21 h. Tfanépi;ati-ontéal‘culati’pns are: TR(00), no wound, raw HPV :

' -data; TR(20), 0,20 cm wound corrected HSVT':.' Sapwood moisture content
1.05 dwb; wood basic density: 0,48 g cm™°., i ' o

I e e 8 9 10 .
1978 Period. BP . RL . LI - TR(WL) " TR(00) (7/6) TR(20) (9/6) ‘
Da/Mo _h-h_ _Mpa s wl wo? gn! mwl gl _z
30/06 09-21 -0.40 ° 32 64 - 60" 31 52 53 gy
01/07  09-21 -0.45 18 —106 = 96 51 53 87 .91
02/07  09-21°-0.50 12 . 170 122 66 54 116 g5 .
07/07  09-21 -0.45 . 1§ 4 . g3 300 36 .50 . .60
08/07 © 09-21 -0.40 . 21. 106 81 = 5o £ 3 . 86 99
09/07 09-21 -0.40 13 170 139 SIS 54 134 .96
14/07. 09-21 -0.40 13 6 71 38 54 - 62 87 ,
T15/07 1 09-21 -0.50 7 106 113 55 49 93 g2
1607 y09-21 -0.50". 10 170 134 - . & 50 119 g9
-21/07  09-21 L0060 21 170 - 101 . 50 50 8 83
22/01° 09-21 0.5 12 170 .92 . a7 5 . 39 86
23/07  09-21 -0.55 23 130 87 = 35 a1 - 59 68
28/07 09-21 -0.60 3. 170 0 84 © 40 48 g5 77

29/07°  09-21 40,7o_¢ 22 1700 72 32 44 53/ 94
30/07  09-21 -0.70T - 19" 170 ¢ 21 a4 46 = 75°

04/08  09-21 -0.70. 35 170 61 26, 43 <. 43 70
05/08~ 09-21 -0.60 . 48 170 69 . 15 36 42 61
, JO6‘Q§ 09-21° -0.75 © 38« . 170 56" 27 48 46 82
11/08 © 09-21 -0.98 9 ‘17§ 4 8 s 39 gzl
12/08 = 09-21 -0,90 " 13 . 170 S0 - 33 16 © 39 78
$ 13708 09-21 -0.90 26 170 44 95 50 37 7 84
18/08  09-21 -1?%0 7170 36 - 17 47 - 31 86 -
19/08 =~ 09-21 -1.10 19 370- 37 s 4l 29 . .78
20/08  09-21 -1.r5 ¢ 27. 170 .30 . 18 .60 . 33 110
. t-jy, 0 ean 76.2 3 48 635 83
- 4 ¢
- -




%, Table 17.

Quantltatlve compar1son of t

[

A

[

ransplratlon as measured by

LA SE L LD e T
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B we1ght loss and as calculated from heat Pulse velocity data in whlte
spruce, trtes PG3 -and . PG4. - Air temperature constant day—nxght at 20° C
-"dayllght" [09-21 h. Transpiratxon calculet1ons are: TR(OO), no wound 4
- . raw HPV datla; TR(ZO), 0. 20 cm wound- corrected HPVT' : B
o1 -3 ‘4~ ’ '5 6 - , .9 10 - I
Start g op ‘Period . Bp. 11 TR(WL) rk(oo) (FR6) TR(20) (9/6)": j
‘ Da/Mo Da/Mo _lhﬂL. MPa . mzv-g hT~ -E;‘hfl‘ Z'A.mL hl. g :
- (A) Tree PG3; Mgw -“‘1.00 dwb, Ph = 0.48 g cm 3 - v
o . - L S T
. 27/08 28/08 08-08 -0.95 - 170 54 33 6l 56 - 104. .
- 02/09 .. 03/09 08-08 -0.65 170 66 38 . 58 - 66 100 - ’.
03/09 04/09 .08-08 -0,75 = 170 . 65 39 * 60" .69 .‘lQQ
‘Mesn . 61.7 36.7 60" 63.7 103
'(ﬁ) Tree PG4; Mgw = O;éofdwb3 Pb = 0, 47 g cm 3 :' r
S S U o ‘ E . R
* 27/08  28/08 08-08. -0.60 170 : 52'1'~ 3 \33\\. 60 - 115 ,
- 02/09  03/09 08-08 -0.55 170 92-. 48 . 52 87 .95 . - o
47 03/09 - 04/09 0808 ~0.75" 170 8o 47 59 8 108 g‘p
Mean  74.7 42.7 58 777 106 - e
e o R |
.o »” -
. 5 B
- - -
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: Transp1rat10n calculated from HPVT 8 measured on 30/06/78

to 02/07/78 (PGl and P62) and. 27/08/78 to 03/05778 (pca and 0T

‘PGA) is 166-+ml02 of meaSured we1ght loss ‘for all four trees

(Fig. 39). These transplratlon calculatlons, made from data

’taken w1th1n the flrat week to 10 days after heat pulse probe-{l"

/ o
1nstallat10ns, are the only ones I cons1der rel1able because o

of ‘the unpredxctable speed of wound development and’ the lack
: *

' :of 3apwood moisture content measurements specific to each date ‘;.';'v T

_ that- were calculated durxng the pet1od 11/08 to 20/08 (Tables i, R

.15, 16) at very low HPVT 8, were expected : o " i .

‘ to thoae of PG2, The hzgher‘percentages of+ welént loss calculaced

. water content ﬁhs decreased (Waring and Runnxng 1978’ Warxng,

Perlod ;ﬁs e - "_H_ ) ‘;_d : _ ‘1" 'ﬁx';i .j N i.f
The ateadlly dec11n1ng percentape of eexght loss xhat
.occurs with txme 1n PGZ (Table 16 30/06 to 06/08) is the type“
of wound response that I expected - The numet1ca1 slmulatxona
1nd1cate that the effect of vound on calculated HPV a, becomes»‘
ptogress1ve1y less as 1mpqled HPV's approach zero (Fig. 93 ylf .

P- 74) Since ealculated HPVT 8 can only approach, but neveﬁg

equal zero, “the higher percentages of meaauted ve1ght loea, t.

The’ resulta from PGl (Table 15) are an 1nterest1ng coatrast St )zﬂ(fif
‘on 21/07 to 30/07 111ustrates chang;ng cortelatxon of TR(HPV)
to TR(WL) W1th txme that cannot be explaxned by wound develophﬂﬁ'
‘ment. In t?}a case, elthet sapwood atea or aapwood water content

must have’ decreaked The most lxkely explanatxon is that aapwood

-
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A

rthtehead and Jarv1s h&?Q) 1f sapwood water con ent decreases

A“=creaae (Flg. 3, p. 31) If aapwood water content haa

: and the equat1on to calculate TR(HPV) .has not been 8dJU8

thls case, (Tablé 15' 21- 23/07) an overestlmate of transp1r-‘;,

. HPVT's. 1ncreased by a greater amount than d1d welght 1loss by

-wh1le-sap flux remalna the same, heat pulse veloc1t must in—

»

to reflect th1a, then the result is a h1gher eatlmatq, or 1

v o

ation. . " - o , ,,.\‘

_ Gale and PolJakoff—Hayber (1964) reported constant or

: sllghtly decreas1ng total transp1rat10n and 1ncreas1ng ﬂPVT' '
~

[}
.

at. so11 water potentlals less than -15 atm \My results (Table .

‘15, . 30/06 ~ 23/07) are comparable to those of Gale and Poljakoff—

Mayber (1964) in that, compared to ‘data per1od 30/06 - 02/0Q7,
/ &*

21-23/07. A result aTmost ‘idéntical to’Gale and. Pol jakof f-

Mayber' 8 occured (Table 15, 18—20/08) where weight loss decreag-

ed from 27 to 19 g h 1 while TR{HPV) increased from 22 to 28

mL h 1. The error band, +12 g h l, on the weight loss 1n

N

~

this study is Suff1c1ently broad so. that no def1n1te conc1u31on \

~

is poss1b1e. None ~thé-1less, these data 1nd1cate that s1mp1e

«cbrrelatlons between actual transp1rat10n and HPV or TR(HPV)

calculated with constant sapwood coeff1c1ents, are not re11ab1e
\
through, extended time or changes in plant water status. In

'thls, my results conflrm the conc1u51ons of Gale and PolJakoff—

Mayber (1964). o | | - /

[
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The<sapwood/heartwood border ‘was not evident as a sharp

reductxon in HPVT 8 across it. A rad1al prqf1le of the HPVT

I3

‘data from tree PG2'and PG3 was plotted ear11er (Flg. 3IB, :

- P. 132) . Thls proflle, coupled w1th the results of the glass

rod sensor RLM aumulatlons (Flg. 320, P 134),'1nd1cate that
it would be d1ff1cult to. ascerta1n the S/H border w1th1n * 0.5

cm. .Even a 0.2 cm error in the determinat;on‘of thegl.O cm

sapwood thickness of tree PGl ‘or PG4.wou1d result- in a 10 to s

ZOZ'error in calculated trenepiration. A radlal prof1le of

*

~

HPV values does not prov1de a suff1c1ent1y accurate est1mate

-y

of dewood thlcknesa to use to calculate sapwood area. -

?

2.  Hardwodd potome&ers (sP1, BP:Z, PT] and .prz).

O Four paper b1rch and four aspen trees were felled,wh11e

in winter dormancy in March 1981 and stored in a cold room

at 2 %, .Trees were selected: w1th as large a d1ameter as pos—;

slble (4 to 6 cm) conslstent with a 3.5m he1ght 11m1tat1on
imposed by the env1ronmental chamber dlmenslons (Append1x B).

As needeqe each stem was brought out of c¢old storage 1nto an

ad101n1ng env1ronmental chamber at 20° C, 12 hour days, 170 Wm

(fluorescent, PhAR) for leaf. Out, where the stem was placed -

in a 25 L contalner of d1st111ed water, and the bésal end was

freshly recut. (Thls leaf out: procedure is a modification
,.‘

of a technlque to 1nduce out- of -season flowerlng in poplars

descrlbed by Benson 1972 ) Leaf out generally occured w1th1n

5 to 7 days with full development in 10 days. (Two trees of

'>each spec1es fa1led to leaf out after 8 weeks in cold storage )

s
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' While the stem was stillvin the ZS'L'contaiher, 8 sets

Ty

e . .. N

of heat pulse veloc1ty probes .were 1nsta11ed between 40 and
60 .cm, and -8 sets between. 90 and 110 cm, from the basal endk\_.

- Two layers of 6 Lo 1n81de d1ameter rubber tubxng were wrapped

around the 20 cm length of stem between the two grOups of By

probea. At anlappropr1ate t1me 1n each experlment, ch111éd
methanol ( -30°C) was" c1rcu1ated through th1s .tubing to freeze
thé stem and create an ice block in the sBtem in order to tempo-
rar11y stop water uptake (Z1mmerman 1964 Hammel 1967) and .
'poss1b1y, to 1nduce cavitatibn. |

After the HPV probes and freez1ng co1ls were in ﬁ(gce,
;'and.wh11e the basal end still remalned in the d1;t111ed water .
‘contarner,‘about 3 to 'S cm of the stem was cut ‘off and the
neuly.exposed surface was micrptomed_with‘g‘razqr—sharp plane.
L A plastic bag.futl of water was placed over the cut'sUrface
to keep it continuaily under uater while the stem was transfered
to'a 60 cm tall, 10 cm dlameter qyllnder. D13t111ed water was

added to br1ng the 1eve1 up to 30§cm above the cut surface.

. , . \ :
A 6 £m” dlameter graduated cy11nder was used as an aux111ary
water supply s0 that quantltles added to malnta1n the water
level in the large cy11nder,laa depleted by transplratlon;'
could be determlned w1th1n about 3 mL 1ndependent of d1ffer1ng
stem volumes. Sapwood th1ckness at the levels where the probes

were 1nsta11ed was assumed for 1nsta118t10n purposes, to be

the same as that at the basal end. At the conclusion of each

169
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R potometeraekperimeﬁt, the exact - locatlon of each sensor ;1p :

'Vi-at each probe 1nsta11st10n.' The sapw00d and heartwood mo13ture

1w1th respect to the S/H border and wound w1d1£(were measured

- \., R , “ . . S ) : ) . o .- L .A ‘ 170

Noie

e
) o

S

L4 1

"

eontent and dens1t1es were determlned from d1scs cut from the

"stem 1n the near - v1c1n1ty of the upper and lower HPV probe Y

.*Q

7

Each potometer tree . rece1ved d1ffer1ng configuratxons . .

of HPV 1nstrumentation (See Appendlx D for 1nstrumentat1on

.

'and data schedule ). The 0 16 cm dlameter-Teron sensors were ‘

removed and reused in successlve experlments. In tree BPI
(used here as an example) HPV pfobes were conflgured for HPVA
determ1nat10ns at -0.5, 0,1.0 cm., The t1ps of the sensors of
four .sets in each 8 sensor group‘above and below the freez1ng R
c011 were ‘at 0.8 em and four sets at 1.3 cm from tbe B/S border
into a. 1. 4 tm thick sapwood ‘The’ 16—channe1 HPV logger was '’
used to-record a11 potometer HPV data.- - 4

+The general,schedule.and envrronmental conditions'for.
all of the potometer trees were'I to 2 days of h0ur1y HPV - re—x
cordlngs, air temperature ‘constant 25 C day11ght 09 - 21 h
with wster uptake measured at 2 to 4 h 1ntervals from 08 to
22 h and at 08 h for dark uptake.v The same schedule was repeated
after a day of the stem freezlng treatment. 1The ice block )
was created between 08 - 10 h and held unt11 ‘the- leaves w11ted
(XPP = -1.4 to -1.8 MPa) Water uptake ceased after 30 m1nutes'

of circulating the coolant. - HPV dsta could not be taken durlng S RN

—



- : this freezlng treatment becauae rap1dly chang1ng temperatures . N

“

at the sensors masked any temperatu;evchanges 1nduced by sap _l o //

<'movement The 1ce block c0u1d be maxntalned for 10 to 12 hoursg
o ‘ ’ i '

at 25 C a1r temperature before the coorant became toq“warm

4 .

*y

.

. and thawing occured. ’ - ej} B e . ;:.;
Sl o g
Transp1rat10n was calculatiﬂ for every the perlod durzng_ o . L

wh * both HPV' s and water uptake( values were ava1lpb1:.‘ (Flgs. '

40 =~ 43). 4/ Sap - flow was calculated for the part1a1 area assoc1ated o

- 4* with each sensor depth and supmed to total transp1rat10n as. -
s v . .
' © o ine the prev1ous experlments, except that -sap flux 6§s calculated ‘ li/\
w1th constant Pb," and the, current mo1sture cpntent (as determ1ned =

< . t
N - .

from Equat1on 17, P. 26, and D1 at the downstream sensor)

. ‘; l, Sap flow at each sensor ‘was calculated u51ng three models'

a) HPV'sAw1thout correction, TR(00).

b) HPV's uith correction for wound (which was very dis-

‘-

tinct .in birch, very indistinct in aspen) as measured:

at the probes at the conclusion of the experiment,

e g e e e e —_

TR(NN) - L\

c) HPV-s w1th'wound correction as-above which was applied
flrst, and then. a correctlon for sensor tip posltlon,

_ TR(NNP)

i . 4] HPV data ‘from. tree BPl were sparse due.to frequent* momentary
i ’ - ' power Lnterruptlons that often destroyed the contents
of the volatile: m1cr0processor memory. This problem was
partially solved in subsequent runs by alterlng the configur-_
ation of the battery backup.

-
et oy o kb i e -



. Ihe equatibns'and coefficients'for these corrections are given

"“: ‘vaPpende.'."_W'-'A‘ _ : : L .

v These potometer experlments were 1ntended to ach1eve three
'goels.v~ ‘ L o R
. e Lo g % . S Sl

- : -~ 1) To calculate transp1rat1on for compar1son with water
. . _ A , v
uptake in d1ffuse porous hardwoods. i

2) *‘Io test- the cdpab111ty-of the HPV techn1qle to detgct
-

o altered flow patterns under abnormal s1tuat1ons, Qp

~im thls case’ 1nduced cav1tat10n::~‘ :f v :;
. ’ djj To test the HPVAX HPVS and HPVM senslng coﬁflguratlons. %"'
o .(HPVM results rep?rted ear11er in this chapter Flgure | v
- i_\34, p. 139 I L '
’ ‘ Potometer BPl | L v : ! |
A11 sensors were conf1gured for HPVA. Sensors were 1nstal-
J led at 0. 8 /ﬁd 1. 3 cm dept;§ below the B/S interface. The ‘
. best data f1t for: BP1 (Flg. 40A) is w1th the wound only model _ L _r
TR(28) The averages for the entlre eXper1ment were: TR(OO) |
I 11 2 mL h 1; TR(28), 23 9 mL h ;5 TR(28P) 26 9 mL h -1 comppred
) to 20.7_mL.h -1 measured.i‘f- o o o
Potometer ;gé.' :ild‘ - f>  .igp
Tree_BPZ's'senSOrs were 58 BPl exceptvhalf of them were —

configured for HPVS (-1.0, 0, 1, 0 cm) The best data f1t (Flg.

41A) is- aga1n the wound only model TR(22) The aversges for -

the entire exper1ment were. TR(OO) 11.2 mL hfl; TR(22),

—

—.
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Figure 40. . Transpiration of B. papyrifera, tree BPl, as deter-
mined by~p6iomecry and calculated from heat pulse velocities

" measured with 0. 16 cm diameter Teflon-encased thermistor
bead :sensors. Open squares ([],(@) from raw HPVA values
taken before and after - a stem freezing treatment to 1n§uce
cavitation.. Filled squares. (M,d) are the same data cor--
rected in accordance with: (A) TLM*simulation at W = Q.28
cm; (B) TLM simulation at W = 0.28 plus a sensdr position
correction in accordance with the RLM simulationg near the

~S/H'border thhout sensor materials.
1:1. ‘




i PN . - o . ST . st 1

i I g {‘w
. . 174
. . T
¢ ‘ Yy

L \

N

-4

x
» ~ -

4

a “

-~

L

o

1

i

|'Q -

L

-

(1 8

Ced

3

Vv

.|

T am

-
12 :

I e S e e P

' ' K b
2 !a 2@ 3@ A .'(5” B 78 - BH
. MERSURED TRANSPIRATION, ML/H

Figure 41. Transpiration of B. papyrifera,.tree BP2, dﬁ‘deigf—
mined by potometry and calculated from heat pulse velocities-
measuréd with 0.16 cm diameter Teflon-encagsed thermistor ' el
bead sensors. Open squares ([J,[d) from raw HPVA and HPVS Tl
values taken before and after a stem freezing treatment to I
induce .cavitation. Filled squares’ (Ml ,[d) are the same data
corrected in accordance with: (A) TLM simulation at W = 0.22
cm; (B) TLM simulation at W = 0.22 plus & sensor position
correction in accordance with the RLM simulations near the

S/H border without sensor materials. Dashed line (---) is
1:1. : . .
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to 55.7 mL h -1 measured.

. . . .- - -
Bttt " I D U SRS PRI

' N L -
24.0 mL h: TR(22P95;28.3 oL b1 compared to 23.4 mL h™} meae-.

1

ured. = . 0 ' ’

Potometer PT1. S, e

Four §ensoravwere installed at 0.3 cm, 8 at 0.8 cm and

14 at 1.3 cm depths below the B/s 1nterface with half HPVA and -~

- half HPVS 8 above and 8 below the cool1ng coil.” The best data

'\N;.

'f1t (Flg. 42B) was the wound plus pos1t10n coqrectlon model

) 22
TR(Z&P)" The averages &or the entlre .experiment were: TR(OO)

19.7 nL q 1, TR(24), 39. 7 al b 1, TR(24P),48.8 oL h™! compared

Potometer PT2. .

- Sensors were emplaced at.0.3, 0.55, 0.8 and 1.3 cm depths

"below the‘ B/S in;erface, four at each depth, gight each in’

. ' ! : R
* the HPVA and HPVSuconfigurations, half above and half below

the cooling coil, The no wound model TR(28) provided a good

fit to the data (Flg. 43A) but the w0und plus p031t1on model

‘TR(28P) prov1ded a marginally better one (Fig. 43B). The averages

for the entire experiment were: TR(OO),;?S.O ml h 1; TR(Zé),
;6.6 mL h-l; TR(28P), 63.4 mL h~1 bompaﬁee to 61.2 o, h~! measured.
Cavitation.
The attempts to induce cavitation by stopping water supply
to the leaves during high transpiration demand were intended

to induce a "worst case"'situation for the HPV'technique.

Hopéfﬁlly éap flow patterns would be altered, i.e., new pathﬁaye,
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Figure 42. Transpiration of g.at;émulqides; tree PT1, as deter-
mined by potometry and calculated from heat pulse velocities
measured with 0.16 em diameter' Teflon-encased thermistor
bead sensors. Open squares ([J,[A) from raw. HPVA and HPVS
values taken before and after a stem freezing treatment to

induce cavitation.

Filled squares (Wi,[d) are the same data -

corrected in accordance with: - (A).TIM simulation at'W =
0.24 cm; (B) TLM simulation at W = 0.24 plus 8 sensor position
correction in accordance with the RIM simulations near the

1:1

§/H border without sensor materials. Dashed line (---) is

H
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Figure 43. Transpiration of P. tremuloides, tree PT2, as deter-
mined by potometry and calculated from heat pulse velocities
measured with 0.16 cm diameter;Teflon-encased_thermistor
bead sensors. Open squares ([1,[4) from raw HPVA and HPVS
values taken before and after a.stem freezing treatment’ to
induce cavitation. Filled squares (M, [d) are the same data
corrected in- accordance with: (A) TLM simulation at W=
0.28 cm; (B) TLM simulation at W = 0.28 plus a sensor position
correction in accordance with the RLM simulations near the -

S/H border without sensor materials. Dashed line (----) jg .
l:l- o . ’ ‘




reduced m01sture content at varloua parts of the stem, etc

,p(Hammel 1967) Pavt1al cav1tat10n was 1nduced in both aspen -

Iy

potometera, but v1rtually total cavitat1on occuréd 1n both

b1rch stems and very 11ttle water uptake occured after release

.:w .

.of the fsiablock In all four cases, the HPV sensors detected

the change in wvater uptake (Flgs. 40 - 43).

. A change in both flow patterniand'moisture COntent‘was

. detected in PTl (F1g. 44A) Before appllcat1on of the freeze

block 701 of the s(p flow occured in the Outer 5 mm of sapwood°»

-

after freezlng, none occured there. ‘The-molstUre fraction
(calculated from D ) decreased at each eapwood depth and the
var1ab111ty in moisture fract1on 1ncreased' from 0.9 (0.82
to 1.04) before freez1ng to 0.8 (0. 49 to 1.04) after freezing
at 0.3 cem dépth from 1.0 (0. 78 to 1. 18) before freez1ng to
0.75 (0.42 to 1.04) after freezing at 0.8 cm depth"Grange of

moisture contents: at the individual sensors in parenthes1s)

In PT2, the freezlng treatment reduced flow in the outer .

4 mm by 502 (Flg. 448) but mo1sture fract10n’change at all

[4 " N * .

sensors was less than 10%.

DISCUSSION OF APPLICATION RESULTS

Wound

.-

Nonconvective material in the plane of the heat pulse

prdbes is the source of the greatest departurea from Marshall's

(1958) 1deal1zed theory. This was'shown numerically in Chapter

IV and repeatedly demonstrated by the experimental results

b A ———a
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of thls chapter. Transpiratioﬂfcalculated from uncorrected

=~hPV-s,"no maoter what téchn1que or analys1s method was used

‘>to obta1n them, was generally less ‘than 50 to 601 -of that meas-
ured except at transp1rat1on .rates very near zero. If the
HPVA's, HPVS s or HPVT's ‘uged to calculate TR(HPV) were corrected

in- accordance w1th the TLM 81mu1at10n results at assumed or

«

measured wound w1dth, then calculated and measured transpiratlon

»,

. . / .
rates, w1th few- except1ons, fell w1th1n 102 of each other.

The appropr1ate wound w1dth correction is not always easy
L i }»"
to ascertain. In the potometer tree exper1menta, the stems
- were shall and the dr111 jig used to align the holes ‘for the

.sensors and heater wobbled from side -to slde dur1ng the dr1111ng

operatxon.w WOund widths- measured in these stems van1ed from N
0.20 to O 40 cm w1th the average be1ng that used to. calculate
TR(HPV) Such lateral movement has not been a problem with .
larger stems where - the m1sa11gnment‘error 1s‘+ 0 02 cm; aaﬁf-

. has beef: Jused rﬂ most of the above calculat1ons.

'

L

WOund is generally easy to measure once the -sensors have
been exc1sed However, 1t was very 1nd1st1nct in the P. tremul-
‘oides stems, part1cu1ar11y PTl, appear1ng only as a.very fa1nt

band of sl1ght1y 11ghter wood in the plane of the sensors.

- v
rl ‘4 »

In mok t conrfers, wound is qu1te dlstrnct, apear1ng as a band

.

of resin f111ed t1ssue above and below the sensors. It was

J

also qurte dlstlnct 1n the other d1ffuse porous experlments,

IR .. N
i . at

. N o . s
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appearing as a band of dark colored'oxidiiedﬂwood. Apparently

I tend to. overestimate wound width if it is distinct as in

NS1, BP1 and BP2, and underestimate'it if indistinct as in ©

PT1 and PT2. (I consxder the poorer results of PTi to be malnly

v
. .

due to poor wound def1n1t10n in the excxsed sect1onu)

)

Wound - and sensor conflguratlon effects are closely assoc- .+ ST

1ated . Probe conf1gurat1ons 1n wh1ch the sensors are located ,
?.‘fv R - : t. -

close to the heater are subJect,to greeter_wound effects ‘than

those with the sensors located further away. Sensérb'c&nhot

N
\

be located suff1c1ent1y far from the heater 80 that wound effects i

become negl1g1b1e because the temperature rise created by‘a_

pract1cal—magn1tude heat pulse beqomes less detectable, at

. an exponent1a1 rate, as heater-senaor separatlon is 1ncreased

A11 sensor installations cause wound and each conflgurat1on

o i Eon

is affected differently by wound 81mulat10ns spec1f1c to

~ ' s -

each wound.- and sensor conflguratron must be used to obta1n
mean1ngfu1 data. _When‘sensors are drfferently configured, : - ’
e R .

their data can be made compatible by applying simulation reeuits

P . specific to both wound width and sensor configuration.

‘Radial variation in stem anatomy

e e st

v R . "»_ .'_,'-' T ) . .,.,' to x B )
Invs1mu1at10n, noncomnvective stem tissue borders were .

the next,greatest source of. departure from idealized theory.

N
°

The rad1a1 10ng1tud1nal model 81mulat1ons w1thout sensor mater-—

~_1als with vary1ng thlcknesses of sapwood (Chapter IV) Lndxcated

that sensors emplaced w1th1n 1 ‘cm, of the S/H border were subJect , "

.
.




to serious errors, especislly in‘thé‘HPVA_configurstion.- The
same s1mu1st1ons 1nd1cated that ‘within 1 to'1.5 cm of the B/S
border, dats from the s1ng1e sensor HPVM and HPVP conflguratlons
“are. v1rtually worthless.t v

i

The experlmental results thh respect to position are

.

not 80 clear as they were for wound, Unknown heat losses to

o
the ' outs1de"’snd the averag1ng effect of sensors with thermal

3

conduct1v1t1es much greater than wood tend to mltlgate tissue
~border effects.

High thermal conduct1v1tp sensor materials tend to produce
HPV data in the v1c1n1ty of the S/H border that are b1ased
toward the magnltude of HPV 1n the sapwood rather than the |
known zero ve10c1ty in the heartwood.’ The RLM sxmulat1ons
w1th3glsss, brass of aluminum sensor materials 1nd1cate that
pos1t10n correctlons;obtainedofrom the no sensor;simulations

wouLd, if applied, cause the data from these sensors to over-

'est1mate HPV data obtalned within 0.5 cm of the S/H border. 65

.

"The exper1menta1 results support those 81mulated R T

Both the RLM slmulstlons and experlmental results ulth
Teflon sensors near the S/H border, indicate that these behsve“
very much 11ke the no sensor(s1mulat10ns. Teflon or other
low thermal conductivity material sensors msy'be very useful <
" in explor1ng xylem flow patterns. They are probably less de-k
-sirable’ for transplratlon stud1es where the, averaglng effect
of-the hlgher thermal conduct1V1ty materlals uould reduce samp11ng

varlaﬁlon. ' 1 *

FE

182



) ' v S ‘ . . 183

. ) . . . L7
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' The position,of the S/H border cannot be established,

with sufficient accuraey tb*eetimateFéapwoed area, aolely from:
HPV measurements in the v1c1n1ty of it, The "no sensor” RLM
: srmulatlons indicate tnat sap movement in, the sapwood affects‘
HPV's measured up to 1 cm deep 1nto the heartwood M111er, -
Vavrlna an& Chr1stensen (1980)§Eeférred to these HPV's at depths -
beyond known aap conducting tlsaue as a "heat shadow" affect.
H1gh thermal conduct1v1ty sensors make th1s "heat shadow" affect
,teven more'pronounced 'That this shadow affect exists is unfort-
unate, as an abrupt change in HPV at or. 1n the near v1c1n1ty
of- the S/H or sapconduct1ng/nonconduct1ng border, would have
allowed sapwood area to be estimated solely frem.the relatrvely.
nondestructive heat pulse prebe implanta;

Miller and others (1980) considered sap-conducting are#
in oak as»theqcurrent year's xylem. In my experimentsveonfined
to conifers or diffuae porous hardwoo&s; sapwood area has been
_:&etermined frem either a chanhge in color or an abrupt change
invmoisture content at~the S/H border and all of it has been
assumed functienal. This procedure appears to be justifiable
Jin light of the ab;upt decrease in liquid permeability that : .,
occurs there (Booker and’ Klnlnmonth 1978 .Booker and Swanson

1979) and the closeness of the quant1tat1ve results reported

herein.. !

: Sapwood moisture content
The importance of a current'knowledge of sapwood moisture

content lies mainly in fine<tun¥ng the TR(HPV) estimate to

e s arerh a2 e
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closer'tnan within 102 of ectual.A Sepwood mo1sture content -

'is used to' determlne sap flux (Eq. 10, p. 23). It is multiplied
:by bas1c wood dens1ty 80 that a change of 20 to- 301 dwb, 18‘
necesgsary to change TR(HPV) by 102. War1ng and Roberts (1979)
found that sapwood relatlve water content (RWC, deflned as,

_ the.fractlon.of saturated mo1sture content) normally var1ed :

by sbout 5% each day in Scote p1ne w1th 10Z in one day being
the largest var1at10n encountered under normal circumstances.

.A 5% change in RWC qay be as large 48 a lOZ change in® dry we1ght

water content. Even so, TR(HPV) estlmated u81ng moisture con- -

tents.measured at probe 1nsta118t109,shou1d be within 102 of
. , , ‘

bactual for about 3 days. Since HPV probe installations should : ' S

(.

be renewed every 7 to 10 days to lessen the unpred1ctab1e effect
of wound development, the t1me trend of m01sture contents taken

at . each 1nsta11at1on date should suffice to keep TR(HPV) estim-

- ates, well‘w1th1n a 10% error band, espec1ally 1n 1arge trees

"where repeated 1ncrement coring is posslble.

In smaller trees, or in, cases where destructive sanplingA
is not possible, it would Be adnantegeous to be able to contin-
uously monitor sapwood water'content. The technique tried

" in' the potometer experiments pl and Eq. 17, p. 26)‘appears

to have promise, ' Longltudlnql thermal dlffu31v1ty is sensitive
& .

to m01sture content (Tables A H P- 87,88). Unfortunately,
it is somewhat#sens1t1ve to [HPV too. The variatior in.D1 with

HPV can be largely elimina ed,by using probe configurations ~




.. . P T AR AR e
i e s O N D e e g ST DI S o X A

ENG . .
e ' : ) o S
ﬁi,w' T s _ 185
where the upstream sensor is appré&emately 1 cm from the heater
and by calculatlng Mgw from the averaga,of the D1 obta1ned
at the up and downstream sensors. th;s average is almost 1dent- e
. i rg - v

1ca1 to the D1 obtaxned from elther‘bensor when HPV = 0- (Tables

8, 9, p. 87,88) ' S ?h‘ﬂ

In this study, the mo1sture contents cal¢ulated from D1
and Pb were w1th1n reason and probably w1th1n the error band
" of - the measured moisture contents -uged as controls which were
always obtained at sllghtly dlfferent locat1ons 1n the stem
. 1

or at different times than the D measurements, © ke mo1sture
contents calculated from D 8 helped to prov1de the Excellent
fit observed in PT2 (Fig. 42) where moxsture fractlon, dwb
v&rled _from 1.00 down to 0.65 dur1ng the course of tﬁia exper—
‘elment (Fig. 45). - i -;:‘ﬂf‘
. & ' ’ Zab N
. Some authors (Waring and Running 1978‘ War1ng, Whitehead .

3
and Jarvis 1979) have suggested that sapwood moisture content . -

is indicated by xylem pressure’ potentxgli(XPP). Moisture con@tent“‘:‘j
'(ee'calculated froﬁ Dl) and XPP, for tree.PTZ ‘do appear to

be related (Fig. 45). However Runn1ng s (1980a) results in:

P. contorta are not suggestive of a very close~correspondence
between XPP and RWC. -Runnihg (1980a) showed'a decrease in

RWC from 0.78 at XPP = -1.32 MPa to 0.33 at XPP = ~2.10 MPa
asbtaking’place over:an 8 te 36 dey period.' However, he alae
showed - that iPP decreaeed.from =0.5 to -2.1 MPa in less than

1 hour. It is virtually impossible that sapwood moisture content
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Figure 45. Time trend of ngw(Dl,Pb) and XPP in P. tremuloides,
tree PTZ, before and after the stem freezing treatment. :
No’ thermal diffusivity'.data ‘could be taken during the freezing

trtatment. Moisture cont nts appear to have an ‘association
“with' BP (XPP at 08 h, "N" indicates night 21 - 09_h), but .
does not follow the rapid flucuations in XPP notged\ during
- the daylight hours., ' Lo : :
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could drop from near total saturation to neer fibre saturation

in 60 mlnutes espec1ally, since he (Runn1ng 1980a), reported
an average total sapwood water content in these trees of 16. 9 L,

and a maximum transpiration rgte of 1.9 L.h-lﬁ Thus there

is some question as to how cldsely one can estxmate short term

sapwood water content fluctuat1ons from'a relat1onsh1p between

RWC and XPP. Perhaps the néqr;continnoue-moipture cottent

estimates theg hourly p! measurementS'provide could be used

to further explore the relat10nsh1p betweeq\iPP and RWC.

Sampling v f_ - . 5“*1
An_adequate’benple of HPV's thronghout the sapwood is

L

a necessity if transpiration'calculations are-to be valid.

What constitutes an adequate number of sensors and.their'spatinl

placement in the sapwood is a good deal easier to determ1ne

after, rather than before, the fact. The'results reported

here were obtained with 1 to 16 seénsors emplaced at various

positions in the xylem. One sensor, apparently very'strategf

wically placed,'gavevgood results in Aleppo pine. _Sixteen sen-'

sors, apparently wrongly placed produced what I consider to

'be poor results in B. pa Ezr1fera (trees BPl and BPZ), espec1ally

s

after induced cavitation.

The sg@oling system used in the P. radiata, N. solandri

_var, .cliffortioides-and P. treiuloides (tree PT2) experiments

was to emplace sensors at predetermlned depths to _sample certaxn

toro1da1 sectlons of sapwood (Flg. 27 p. 118) The results
R .
indicate that this was apparently a good scheme.

e AT e ] 1 e
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NG f Theiimposition of ‘artificial conditions,'such as freezing
thg stem, or-a'neturally occhrinh phenomenon, such as ﬂroughtﬂ*\:i.mi
stress, may cause a shlft in flow paths from one area of.the o
sapwood to another. If all areas are not sampled, then the | ///
‘ HPV techn1que may not fully detect the change caused by the ; _
/;i\\event (for example trees BPl ﬂd Br2). Samplmg to detect the

&

effecta of  the desired phenomena is fundamental to good exper-

v

:\ 1mental desxgn and not a pecullar1ty of the heat pulse technlque;
4 Therefore it is 1mperat1ve, whatever sampllng scheme is used

that a sufficient number of sensors be properly placed in the
-ﬂ sapwood to detect the probable changes. .

The "no sensor" RLM 81mu1at1ons indicate that zero flow .
boundar1es beg1n to 1nf1uence HPVA s, HPVS 8 or HPVT' 8 at about
. 1 cm from them (Fl : 23 p- 108) The exper1mental results

;.w1th Teflon sensors (Flg. 31A, pP. 132) indicate that they behave( »
31m111ar1ly (to the no sensor s1mulat1ons) so that sap flow | .
is sensed w1th1n an area of approxlmately 1 cm diameter centered

on the sensor tip, ‘The RLM simulations with hlgh thermal conduc—"

t1v1ty sensor mater1als (F1g. 325' D and E; p. 134) and the

experlmental results with glass and bra 8 rod sensors (F1g. o

31B and’ C, P 132) suggest that a sl1gh'1y larger area, approxr

imately 1.5 cm diameter centered on the tip, is sensed by them.

"If it is critical to ensure the successfu outcome of an experiment
that all portions of the”sapwood'be sampled, then one Teflon

.‘sensor‘should'be installed in each 0.8 cmzx

P

or one glass (or
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brass) rod sengor in each 1.8 cm? of.squoquafggs_Iﬁis ﬁay

require many more than the 16 sensors that i'haﬁgfﬁ

- most dense arrangement reported here.

1

sed in the

'
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GENEBAL DISCUSSION

‘ Idealxzed heat pulse veloc1ty theory

o Marshall (1958) prOV1ded a conc1se def1n1t10n for the vel-

_ocity of a heat pulse (Eq. 2, P 18) as. calculated from his

analyt1ca1 equations as "the we1ghted average of the velocities
of the sap and stat1onary wq0d substance." Unfortunately'the‘
term heat pulse velocity has been applled ‘to the data obtained

from almost any thermometrxc sap flow measur1ng techn1que (e.g.

'H1nck1ey, Lasso1e and Runn1ng l978° Kramer and 'Kozlowski 1979,

.H111er, Vavrina and Chrlstensen 1980). This has resulted in
cqhslderable confuslon part1cular11y in comparlng data and results
from stud1es ‘using d1ffer1ng thermometric techniques such as
Huber 8 (1932) "first onset", Huber and Schmidt's (1937) "com-
pensationg method", Marshall's (1958) "heat pulse velocity"

or Daum's (1967) stem thermal budget. fallure to apprec1ate

the basic theoretical d1fferences between these d1ffer1ng methods

and the type of data obtained from each has lmpeded progress

_toward realizing the'potent1a1 of any of them in sap flow measure-

ment. Further, the results of appl1cat1on of Marshall's (1958)
theoretical analyses 1n cases where Lt d1d not apply (e g.
Gale and Poljakoff—Mayber 1964 Merkle and Davis 1967' Miller

and - others 1980) has discouraged development of an "applications"

-base upon which to build empirically.  Even where Marshall 8

(1958) technique was appl1ed with regard for h1s condltlons,

nonuniform analyses and/or 1nstrumentat10n have produced data

190
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~8e£s ineompstible with each other, obscuring the serious pracrical
and theoretical problems presented in application of the idealized
analyses,(e.g. Swanson 1967, L972; 1975; Hinckle; léT}b-'Morikawa
1972; Lassoie; Scbtrishd Frrtschen 1977' Cohen, Fuchs and Green
1981). ﬁLastly the plant med1um-techn1que 1nterract;on has been
»sa confound1ng influence as the affects of stem tissue borderl,
- the severity of the influence of wounding caused'by sensor implants
"and physfcsl changes secompsnying physiological ltresn have
ﬁinot been fully recognized and accounted for (e.g. Gale snd PolJakoff—
ﬂMayber 1964, Lopushlhsky and Klock‘l980)
| Marshall (1958) clearly set out the condltlona under whxch
his analyses were va11d He tested them, under the rather unique
rapid growth circumstances that New Zealand grown P. rad1ata
offers, and found them to be valid. He did not forsee the pro~ ’
blems that euch slower sap speeds snd smaller sapwood radii
would create for future users. (Nelther d1d he. have’any control
over subsequent appllcatlon and m1sapp11cat10n of his analysis )

Practxcal theory based on numer1ca1 modeling

Numer1ca1 models of HPV probes and tree stems

In thls study, I have used two numer1ca1‘models of a stem,. |
6ne- in the tsngent1a1 10ng1tud1nal plane, the other in the radlal— )
10ng1tud1na1 plane, to deqonstrate that s1gn1£1caﬁt departure
' from Marshall's (1958) analytical solutions for heat -flux ini
sapwood arise from flaw interruption.due:to finite probe size
'and to a lesser degree, from both sensor thermal propert1es '

wh1ch dlffer from those of wood and the position of sensor tips

Y . . . 4

o
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with respect to the bark/sapwood or sapwood/heartwood borders._

o

. Both numerical simulations and experimental results further

1nd1cate that the results obta1ned depend. upon sensor spacxng, '

of Equations, 4 - 9 (Chapter 11, p. 19 - 23), avsllable for
: %

determ1n1ng heat pulse veloc1t1es. Thus it 1s clear that the prac—

©

tical use of the heat pulse veloc1ty method for determining

sap flux requires solutions to the heat transport equation (Eq.
. — ‘ .

‘l, p- 18) for the particular conditions of measurement.

.*

Several of the. conditions 1mposed on Marshall's (1958)

1dealzzed theory were relaxed to obtain these more practical

solutions. Sensors were of f1n1te size- and materials, the heat\
pulse of f1n1te duratxon, and the xylem not 1nf1n1te. 'Nonconr

«vecting layers were present in the vicinity of the sensors.

Heat pulse probes larger, smaller or of different ahape than

5

in either model Thevprograms in Appendix F may be used with

.probes 0.04 to 0.32 cm diameter (TLH).and up to 4.0 cm long
- (RLM) w1thout mod1f1cation simply by 1nsert1ng the apprOpriste

'thermal conduct1V1ty,vspec1f1c heat and density values at/each

point in the node coeff1c1ent file (CPRB) indexed by the node

index file (IPRB), Probe diameter.is an extremely 1mportant

‘the 0. 16 cnﬁ diameter c1rcu1ar ones I have usetL ma‘y be s1mu1ated'A

o _method of analysis and the }1me 1ntervals chosen for applgcation N

oA

practical as well as theoretical parameter as 1t sets the minimum

~width of nonconvecting wood (wound) in the plane of the sensors

conductivity about 30 times that of wet sapwood, cause some

N - {r'“‘v‘“':.! oy -

in the tangential- longitudinal model. Glass sensors, ‘with thermal o

et s ik
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;'l7j offeet 1n calculated HPV's w1th“asymmetr1ca11y eonf1gured senaors,;\‘

ST SRR
:7 but only at ‘zero sap flow. Thle offaet rema@hs relat1vely constant

with even h1gher thermal conductxvzty aensor materlals such
P e ,.‘ as :
as brass or aluminum. Therefore, a vety detalled spec1f1cat1on
- of sensor. thermal propertxes is’ warranted only for mater1ala

B o N .-'-:4 . ~ S ‘J,'

-

3 wlth prOpert1e8-31m111ar to wood

-

Macroscopic anatomleal cons1derat10ns

Only macroacop1c anatom1ca1 features of a tree stem have
been s1mulated 1n my applxcatxon of the modeIs. I have used

a

' the radial- longltudlnal model to smmulate Beveral combinations

.

of bark and/or sapwood and/or heartwood in a 4. 0 (rad1a1) by .

'-t 8 0 cm (longltud1nal) and the TDM to s1mu1ate wound values of

-

0 16 .to 0.52 -em in a 3 2" ¢m (tangent1al) by 8 0 cm»(longxtudlnal)

grld The only llmltatlon on the f1neness of the featuree that

. . RESANEIR.

can be s1mulated by e1ther model 13 node spac1ng, gr1d d1mensaons,

comguter memory capac1ty and‘cOmput1ng cost.S/ W1th the node PR

spac1ng used 1n th1s study, the RLM can accommodate cork and
phloeé layera in the bark ,parly and latewood layers in the

‘ xylem, if each is a multlple of 0 04 cm in- rad1a1 wldth.‘“The--
TLM can handle xylem rays wh1ch are 0. 04 cm or multxples thereof

Y

. : x i ’ .
1n tangent1a1 cross. sectlon.¢ 5 : S . C P

o

" 5/ The 4. O by 8.0 cu w1th 0 04 cm node spacing is the largest
. that can be. accommodated with the - ADI numer1cal solutzon
teghnlque in the Unlversxty of Alberta's: array processor..
Mich larger matrices can: be accommodated in the: Unxvera1ty
-of Alberta's Amdahl: 470v/8 ma1nframe,tbut the computatxon
: costs for even this 4.0 by 8.0 em . matrzx 1n 1t, is roughlya
"% 10 times that: in the array processo e :

R St S
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o M1croscop1c anatomical assumpt1ons T : S

: Convect1ve ‘and conductlve thermal homogene1ty must ex1st

at each node in the grid of a numer1ca1 model aa a p01nt oan

have but one set of thermal propertles. Th1s means that the_

physical space represented by the ‘node must exh1b1t s1m111ar, N
vthermal homogenelty if the s1mu1at10na‘are to be phys1ca11y |
‘rea11st1c, i, e.; 1t*nuat be -isothermal’ (but may be an1sotrop1c) o

In my models w1th O 04 cm gr1d spacxng, a node may be considered

to represent a O 0016 cm2 area‘of stem tlssue.. To insure iso-

thermal cond1t1ons within this- area, the fine atrocture ot the

t1ssue s1mulated must be such that the node 8 temperature equ11—
"1br1um t1me is neg11glb1e (Eq. 18, ps 29). Cona1der1ng'0.3 ;

‘(1z of .the shortest solution tlme, 30 8) ‘as negligible, this

means that any nonconvect1ng layer, in any 0. 0016 cm2 area partial-

ly occup1ed by funct1on1ng vessels or tracheldaq;muat be 0. 03 cm

or’ smaller 1n the rad1al or tangential d1rect10n as appropr1ate
- to’ the rad:al long1tud1na1 or tangential- long1tud1na1 model. |

The xylem of con1fer§ may be assumed thermally homogeneous in
~ this context (w1th ‘the poss1b1e except;on of areas conta1n1ng

10ng1tud1na1 resin canals larger than 0. 03 cm wide). Cons1der1ng
h:an average pore d1ameter of .04 min, d1ffuse poroua hardwoods,

with more than 6 to 10 pores per square millimeter (G 01’ /0'0042

= 6. 25), may be assumed to be thermally homogeneOus within this

same context, i. e., te = 0 3s (p0981b1e exceptlon, an area

<
. - of xylem 1nc1ud1ng very‘large rays,‘0.03 cm or more wide);

e e O T

'Vessel arrangements in r1ng and. sem1-r1ng porous wooda are sovwrud* -

var1ed (Brown, Pansh1n and Forsa1th 1949, McM1111n and Manw111er -

’ C 194
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1980) that no general assumptlon on thermal homogene1ty, or

the lack of it, is warranted.

u,

' Future developments

Development and testing of heat pulse thebry with numerical .

models 13 a continuing venture that will not termlnate w1th
this study. S1nce 1deallzed heat transport theory does . not
apply in any pract1cal sap flow measurement case, one loses

the general - app11cab111ty of it and must derive numer1ca1 solu-
tlons approxlmately app11cab1e to each s1tuat10n. The eéses

to which these 2- dlmen81ona1 medels have been appl1ed have been,
for the most part, those in wh1ch the results were verifiable |
by experiments condncted by me. Further work is required to

ver1fy the relatlonshlp between thermal d1ffu$1v1ty and sapwood

m01sture content Verification is alsp needed of the averaglng

‘affect of high thermal condhctivity senecr materiald'Cglass,

‘brass, aluminum ete.), in very nonhomogeneous sapwood such as

Douglas fir (Cown and Parker 1979), espetially that New Zealand
grown, where the negligibly permeable latewood layer; may be-

up to 0.6 cm- w1de (personal measurements, unpub11shed) in rad1al

Gross section. JAISO the SLmultaneous effects of sensor materl ls,
»h 7

sensor radial position, stem tissue borders and wnund,eenﬂbnl‘
be explored with a 3-dimensional heat flow model.

Precautions
ilrecautions

~ sg e ew s . L. ) iy .
Tose Ay .v‘ o r,._,*‘ L SN ee o "o R A

~The new theoret1ca1 analyses “presented ~and- tested in- hIS"Aﬁia"

_Btudy, ‘w h;éh gre bgped bn,2—ﬁ1peu§1qgal 91mp11f1cat10ns o ,non'

._‘A.. e - _.g,.<
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theory that one encounters in practical apolications. A number

of cases, specific to the 1nstrumentat10n and analyses techn1ques

recommended below, have : been slmulated Yo prov1de a "standard"

' Pract1ca1 sap flow'measurement con81derat1ona

set of solptlons for appllcat1on “to the measurement of xylem

sap flow. These will. prov1de no better results, and receive

. -

no better acceptance than Marshall's 1deallzed analyses, if

the recommended practlce is not .adhered to.
N\

‘ Woundinggppon HPV probe implantation

Flow interrupt1on (wound) occuring during’ and subsequent

to heat pulse probe implantation has been shown to cause the

moat'serious departure from idealized theory. The comparisons

°

of transp1rat1on calculated from HPV's w1th 1ndependent measure~-

‘ments of transp1rat10n requlred selectlon of wound w1dth valuee

for the corrections. When HPV measurements were made w1th1n -
__1‘

af ya of probe 1nsta11at10n, good results were obtalned

by assumlng that 1n1tlal-flow‘ihterruptfon ﬁaa confined to a

slab of nonconvectlng wood as thick as the Iargest probes di=~ -

ameter, plus O 04 cm to account for probe mlsallgnment e.g.w

the P. halepensis, P. radiata (first drying cycle) and Picea

glauca experiments.

a}

. e e e AP T AL P h w.;._ !
~Wfonr“fd'-vridth increaseavqith time'aﬁterglnstallat1on.- Thls

e g g

i$ to be expected as a consequénce of ox1dat10n and res1n depos—

24

."t'on in. the~sapwood sUrround1ng the probes (Shaln 1967 1979,

Shlgo and H1111s 1973, Merrlll and Shlgo 1979 Shortle 1979)

o 7 . e

In P. contorta, wound wldth had 1ncreased to 0. 32 cm (slmulated

. v
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'2't10ns, but the sctuel speed and extent of wound development ’

. .
" ] 5

result) at 30 d, and to 0 44 to 0.52 cm, 100 d after 1nstallst1on

(conflrmed by measurement) Thls means. that either HPV measure-

v
.

‘ments should be carried out with freshly installed probes, or

wound width should be measured, a necessarily destruotiveiproce— .

o
[

dure.

In the Picea glauca experiments, reasonab}y good results

were obtalned w1th the assumed W =0, 20 .cm ‘for 15 to 30 d after

probe installation. 1In ‘/ye/gztula Nothofigus and Populu exper—

iments, where wounds. were measured, correct1ons to HPV's based .

ot

on these gave reasonsbly good results. During the second drying

cycle of the g. radlsta exper;ment,_assumlng ‘W =0.28 ‘cm nge

much better agreement than W = 0.20 cm. The_apparently retarded

wound_development in'the P. halapensis, P. radiata and Picea

glsuca exper1ments, where the or1glnal correction was valfh

for 14 to 40,d, may hsve been ‘due ‘to stress 1nduced by the arti-
f1ca1 environmént and reduced watar supply. This'observatiOn

is 8upported by the work of Vite' (1961) and Furitch.and-Mulliok
(1975) who reported that res1n exudatlon snd phy51olog1ca1 ﬁpund

react1ons may be delayed or postponed by high-plant water"stress_

(e g August data pornts, F1g. 5, P. 21) I feel that w1th

T S b SRS *

0.16 cin d1ameter probes, the use of a W = 0. 20 cm correctlon

”fn{w111 be vs11d for about 10 d undet normal phy81olog1cal condi-

-

J.idependsgupon-a complex ser1es of . suceess10na1 events. wh1ch
at. present, ‘are unpredxctable (Merr1ll snd Shlgo 1979) so that

-actual wound beyond thst occurlng upon’ 1mplantat1on, must be

ascertained in each situation. .

[ERRFS LALEAIET 18 2110 T
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Analysis‘qetﬁod and probehcongiggrationv

Aﬁalytica technique, sensor;spaciné ;Ad sensor arrangement
muét be suited‘to the range of heat pulsevvelocities anticipated.
Heine and Farre(19;3) consider heat pulse velocities to be about
1/19 of actual saémspeeds.' fhe magnitude of HPV's’(conforming
with Mggshall's definition, Eq. 2, p. 18) that h&ve been encouﬁt—\
ered in ;6nifers is 0 to 3S'cm h~! and 0 to 32 ¢m b1 in ‘diffuse
parous hardwoods (Hinck;éy and others i978) with most less than 25
cm 118/ |

cm The fastest I have ever méasured;was an HPVT of 34

cm h-lin P. radiata (unpublished data). The simulations indicate

. . . . . >
that no single analytical technique, sensor spacing or sensor
- configuration will produce satisfactory résults over this 0 to

1

35 cm h-dﬂPV range.
- Iﬁ the idealized case, the HPV data derived frdm_alf of

the analytical eq;ations'is the bape and may rahge:in magnitude

from zero to qeverai méteré per hour. ‘In the'noﬁidealized situa-

tions of intefest, the HPV's‘dgriVed from t@e.several equ;tions

are-not the same and the raﬁge of actual ﬁPV’s that can be.detect—

ed with a particular sensor spacing is limited by wound, the

proximity of the sensors t0jthe sapwdod.boundhries and the choice

«

6/ Hinckley et al (1978) in their Table 5, give sap- speeds

as "HPV' if derived from thermometric data; "HTO", "32p"
or "86Rb" if derived from tracers. To derive the above

. .range of Marshall-type HPV's in conifers and diffuse porous
woods, I considered that all of their "HPV's" attributed

' to Huber and cohorts, and those obtained from tracers wvere
peak sap speeds. ' These I have converted to Marshall'sg
HPV's by dividing them by .19 as was done by Heine and Farr
(1973) . ‘ ’



, equation (Eq. 4 - 9, Chapter"II, p. 19 - 23) used to convert

v
L - ~

of times at which temperatures are determined;: The*analjtical

N
temperature data to heat pulse veloc1t1es, the phys1ca1 arrange—
ment of the ﬁeat pulse probes 1n a tree stem, and the solutlon
t1mes at whlch temperatures are to be measured must’ be chosen
’w1th due regard for the xylem pos1t1on of the sensors and the
HPV's that they are 11ke1y to encounter there. Equab&ona 4
and 7 dre usable w1th temperature data from one temperature.

sensor located downstream from a heater. Equatlons 6, 8 and

)
/!

9 require data from a gsecond sensor located upstream from -the

heater,

The numerical simulations indicate that the one sensor

'HPVM (Eq. 4, p. 19) and HPVP (Eq.'7, P. 22) configurations are

virtuatly ueeless at actual HPV's 0165'25 cm h_1 In RLM sim-
ulation, both of these technlques were seriously affected by the
pro;imity of the S/H border and to a lessor extent by heat loss
wHeh near the B/S erderI. The HPVM equatlon may be of use at-

actual HPV's greater than 20 cm h -1 .in combination with the

two sensor HPVA. or HPVS configuratiena because :the data for'its“iz

are those that Vould-erdiuarily.be'obtained at the downstream
sensor,qf these two sensor arrangements. M» experlence in u51ng
the HPVA, HPVM and HPVS ana1y81s technlques is that- reported

in Chapter V where the. HPV's encountered were a11 less than

- 20 cm h lu Results obtalned 1n quantltatlve tests from the

few trees lnstrumented to obtain HPVA's or HPVS 8 were s1m111§%

to results obtained from the very many’installations.where HPVT's

199
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‘*were-obtalned I feel that I have some Just1f1c3t1on to recom~'

ﬂ mend further use of the HPVA and HPVS technlques (but no baSIS

to comment on. further use of. HPVM).. The only reparted work :;p-
‘u81ng the 31ng1e sensor’ HPVP techn1que is that of - Cohen, Fuchs”~4
and\Freen (1981) who were apparently 5at18f1ed w1th the con31st-

" eficy of thelr data.“ ASLde from Marshall's (1958) 1n1t181 exper—-

'1ments toé verlfy the correctness of his’ theory, the ‘use of - “the-

e

"sltuatlon ﬁas yet to be establlshed

N One very 1mportant con31derat1on in using the two sensor

conflguratlons, HPVA HPVS or HPVT, 18 the magnltude ofpthe

L I

- g . v o

temperature rise occurlng at bhe upetream senaor. hlller Vavrlna L...;zlm
'and Chrlstensen (1980) report that Vlth a sensor l 6 cm upstream .

from the heater, at peak sap speeds greater than 2 m h li(anu

HPV of approxlmately 10 em h™!) no heat reached the upstream ‘ "j‘ol
sensor. Table 18 glves valuea for the theoret1ca1 temperature

rise at’ 120 s (obtained using Eq 3, p.- 19) at sensors located

0 96 or 1.44 cm upstream from the heater. With my 1nstrument—

at1on, the minimum detectable temperature Tise abdve ambient

is approx1mate1y 0.005 °c. . With a 4 s heat pulse, a true HPV

of 60 cm h™ (correSpondlng of an HPVA, HPVS or HPVT at W = 0, 20
'cm of 20 to 25 cm h 1), the temperature r1se would be marglnal-

ly detectable at 0.96 cm, and undetectable at 1.44 cm upstream
(Table 18). Therefore, the H?VA, HPVS or HPVT techniques, with

an upstream sensor within approx1mate1y 1 cm of the heater, should

be usable over the qange of HPV 8 normally encountered 1n con1fers

and drffuse porous hardwoods.L;JHj;f;;ia:;jg[§~“

§
o
3
a, .
e

-
o .
oA ey,

e e s e e s




201
Table 18.. Theoret1ca1 temper ture rise .at a- sensor 0.96 or l 44 cm
upstream from a heater, 120 s after a heat pulse of 1'to 4 ¢ durat1on,'
in dry sapwood- HPY = D, 30 or 60, em h 1, Mgw = 0.5 dwb; Pb = 0.4 cal
1 ¢ , D1 = 0.0024 cm2 8 4. The heater is composed. of brass tubing,
0,16 cm diameter with No. 28 AWG nichrome wire 1nsulated from the

‘brass tubing by Teflbn. At ‘an electrlcal resistance of 0.16 ohms cm 1,

and a 4 aﬁpere current, the- temperature rise at the heater is approx~'
-1

‘ imacely.40~bc s—“. At hlgher sapwood m01sture fractlona, 1.0 to .

1.5, th temperature rase ‘would be about one—fourth to one-tenth
, that tabulated, '

Te@gerature rise above ambient;.qC~at,inditated HPV

'H?L"' e __Sensor at 0.96 c¢m ' Sensor at I.44.cmfe

sec ' _at heater 0 30 60 cm/h 0 30 60 cm/h
1.0 40 46 0.23 - 0.0 1.94 ''0.09 0.001 °
"2.0 .81 9:2 0.46 ° 0.02 '3.87 0.18 . 0.002
3.0 o121 ) 13.8 © 0.70 . 0.03" 5.81  0.27  0.002
4.0 161 1825740493 | 0.04 .. 7.75. 0.37. ...0.003. -

P
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Analysis method and sensor location’

Marshall (1958) indicated that w1th sensors 1mplented less
than 0. 5 cm deep in a dowel freshly m111ed from p1ne sapwood

heat loss at the surface notlceably affected HPVM measurements._'

(I 1nterpert a "freshly milled dowel" to mean that no bark was"
?

present and flow occured just under the surface .as well asg at

' a11 deeper depths in the dowel.) The RLM slmulatlons generally

conflrm the neceSSlty for thls depth beneath the flow surface

g wlth the 51ng1e sensor. analyses technlques, and w1th 0 32 cm

of bark,. the sensor must be installed to a total depth from FRTSTIN

-~ .. L

the bark surface of 0 82 cm. Wlth the two sensor technlques,'

th1s depth crltenlon can be relaxed con31derab1y, as both s1mu1wh

‘ ated and exper1mental results 1nd1cated that sengors could be

as . shallow as 0 2 cm 1nto sapwodd if the bark was 0.3 em thlck
-~ &
The rad1a1 10ng1tud1na1 model slmulatlons w1thout sensor

© e ‘e -

materlals ;nd1cate that HPV's calculated from temperatures re-

glstered within l ‘cm of the S/H border are affected in two ways.;

1) By a gradual reduction in magnitude that begins about

P

1 cm on the sapwood s1de of the border and cont1nues -

> . .o

zero movement.

2) By distorting the temperature field at HPVI's greater

than 20 to 30 cm h—l so that the HPV's and Dl's cal-
culated from temperatures taken at fixed t1me 1ntervals
(e.g. 60, 120 and 180 s) assume nonsensical values,
i.e., e1ther extremely h1gh or negatlve (Table 10,

H

'column 4,5 6; p. 99).

"

on- for about L cm 1nto the heqrtwood before xndlcatlng'_°‘

G e
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'for the gradual reductlon 1n:HBN*s that the RLM 51mu1at10ns \L,
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In the&potometerAexperiments, the relat1onsh1p ‘bétween

calculated sap flow and actual transp1rat10n was improved sl1ght1y

1n~pcp1ar and made worse.. in blrch by 1nc1u310n .of a_ correctlon

LS . “r n o~ -

\‘1nd1cated The PT2 poplar potometer was the best 1nstrumented

L4

of the four. Here the pos1t10n ¢orrection resulted 1n a minor

. <

1mprovement of calculated versus actual transplratlon, but d1d .

"“‘not greatly 1mprove the data f1t about the 1:1 line over that

prov1ded by the correctlon for wound alone (F1g 43A and B,

N .

. A e

P- 17\7)_.,‘. e B e s T

.The HPV's attained in the potometer experiments were all -
» p p

below .the values (20 to 30 cm h . 1y where the’ 1nstab111t1es began :

ES .
- . . o o e s . R

to become ev1dent in- the RLM s1mulat10ns. Radial profiles of

' longitudinal permeability.(Booker and.Swanaoh 1979) indicate

that for the most part, 11qu1d permeab111ty near the S/H border
is abOut 50 to 60% of. that shallower in the sapwood Presumably
hedt pulse velocities near the S/H border would be reduced on

the same order of magn1tude as the permeablllty values, and

_konly rarely would the hlgh HPV s, at. which- the nonsens1cal results

EER ‘,n.zv".‘

'«Wwere simulated,:be attained in actual sapwood I,haVe:never‘

- . v

\observed the slmulated behav1or, but-since my experience—fn
_applylng the HPVA, HPVS and D1 analyses techn1ques is 11m1ted

"~ to that reported in Chapter v, where the fastest HPV measured

was 17 cm h 1,"I-cannot say that it will never be observed.

Because of the low HPV's encountered in conlfers and d1ffuse

'porous hardwoods (0 to- 35 cm h 1), the.uss of one of the two

~

s b st e e e L e
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sensor analyt1ca1 technlques is mandatory. -The HPVA"HfVS

HPVT and D1 analyses are stable from HPVI = 0 to 60 cm h-1 if

the sensor t1ps are not w1th1n 1 -cm of the S/H border. wWl..thln S

1 cm of the bo;de:s the< behav1or of the HPVA HPVS. and D1 analyses .

that is indicated" in the RLM 31mu1at10ns may 1ndeed OCCur and e

v

.

J”‘one may have to av01d sampllng inthis port1on of the sapwood

-sample at t1me 1ntervals shorter than 60 s (e g- 30 8, Table

" vreLatlvely unaffected by the S/H border (Table 12 PR 101), - o 7"

are"uaed,Achen'the'poaition‘correction~is apparently not neces~

“in- appllcatlon of. implanted heat pulse theory to the measurement

Aof sap flow 1n conlfers and d1f£use pOrous hardwoods.

11, p. 100) or shlft to the HPVT analysrs technique: whlch is

‘.

The results from potometer PT2 1nd1cate that sampl1ng wrth s

more than one sensor at each of several depths in the sapwood’

is far more™ important than correcting for errors in HPV measure-

\

ment near the S/H border in order to extrapolate them over. the
whole sapwood .In moat practlcal instances, one would only
know in general the p031t10n of ‘his sensor t1ps Vith;respect3 -
to the S/H border. "1f -the. high thermal~condnctivity sensors

™~

sary. W1th good sensor d18tr1but19n 1n ‘the outer sapwood appll-,;

"_catlon of the: rad1al posmtlon correctlon is not generally warranted

Thermal d1ffus1v1ty and m01sture content

Longitudinal thermal d1ffusxv1ty is aen81t1ve to m01sture
content and appears to be of use in est1mat1ng it in conJunctlon

with HPV,measurements.; Sensor apac1ng is more- crltlcal in ob-

¢

taining D1 ‘than in obtaining HPV. At a sensOr 0.48_;n upstream .

.
e oo

A g e =i o

f



-

e T

from a heater, the D1 calcdlated .at low sapwood moisture ¢6htent

simulationF{Mgu = 0.5) was 0.0020 cmz_s-l, compared to 0.0024

-1

om? s \ imposed. At sensors 0 96 or 1. 44 cm, the D1 8 calculated

-

were Q. 0022 dnd- 0.0023- cm2 é‘l respect1Ve1y. The d1fference be- . -
tween -the values obtalned at these spac1ngs become smaller as Mgw

becomes larger (see Tables 8 and: 9, p. 87, 88, Mgw = 1.0 to 1. 5)

o In 8dd1t10n to the fhterractron beCWeen sensor spac1ng

and D!1 the values obtalned at e1ther»an=up or dbﬂndtream séngor

are also 1nfluenced by the HPV' 1mp08ed durlng s1mulat10n. At
imposed HPV's greater than 5 to 20 cm h -1 (the range of applicable
HPV's is dependent upon Mgw), the D1 calculated at the upstream

. N : o .

sensor is larger, that at .the downstream sensor smaller, than'

that calculated at HPVI = 0 cm h 1; With both sensors apYrox—

imately 1. cm or more from the heater, the average of the D1
obtalned friom: both of them Ls qult tl ose] ta that: obtained at.";“j we
‘vHPVI =0 cm (Table 9, p. 88), and this average is the value |
that should be used to est1mate e;pwood moxature content.
,j : Heat pulse probes;f ’ _ ““Wlﬂ ‘fl' o L
I U RN s

The_drameter‘of thefhéat‘pulée probes should be'as small

" as is pract1ca1 to reduce wound w1dth¢upon 1mplantatlon. The s

‘‘‘‘‘

0. 16 cm dlameter heater used. throughout this aid most of my

Rt S T N
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/:'v .

previous studies (Appendix E) ‘is about the smallest»that can . -/////

[y

be used and still produce a detectable temperature at ] em Aipa-
’ \ ’ ' o

‘tream. Since wound width is a function of the largest di

~ probe in a heat'pulse set,'rhere is no reason for maki g the

temperature sensors some smaller slze - although i

p0381b1e to do so.

-
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-to excise them w1thout.damage). The cracks allow sap to contact..q_l -

&
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The transpiration results (Figs. 36 - 39, Tablee 15'- 173
B. 149 - 166) obtalned with a few h1gh thermal c°nduct1v1ty
glass rod 8ensQrs were cons1stent1y better than those obtalned'

with several of the lower thermal conductivity Teflon sensors

- . RN

(Figs. 40 - 43, p. 173 - 177). These results 'may have been -
due to the greater sapwood area thaf these glass sensors integrate
or-to the less artifical physiological conditions of trees in

lysimeters versus severed stems as potometers. The Teflon sensors

were. used because they could ‘be easily reégVed and used in sub-

v .

sequent studies. (I tried to use_brass sensors but the electronics

» . A}
of the then operable HPV logger was incompatible with the multiple

common electrical grounds that occur with more than one sensor

set.) Glass sensors are not as mechanlcally robust as the Teflon

ones, tend1ng to crack .upon Lnsartlon (and it-48 almost 1mposslb1e

e TR

S
-

the thermistor lead w1res wh1ch causes unpreglctable e1ectr1ca1 oot

2

" ‘noise -at the temperature detector. Thls can be a serlous problem

o . . "'/ ., : . . . 1 '
HPV's over ‘an area on the same order as the glass rod semsors.

.

with - the glass rod sensorsg ‘if they are not very carefully instal—" U

VIn'the RLM'simuIatione, the brass rod sensorg integrated

: - .
The brass rod sensors are meé%anically,robust (they atre constructed .

almost identically to a heater except that a bead'thermistor

‘is 1nstalled instead of the nichrome wire) and 1n the one field

test that I have conducted with them, they were not subJect

to electrical nolae even after several insertions and removals'



'vadvantage in transplratlon measurement.

G CaRG: o
. ;’ )-&3:_;:{“ & -

to other locatxons. Thelr pr1nc1pa1 dxsadvantage 1s that the

vcase 18 one s1de of the electrxcal c1rcu1t and 1t 1s common,

R

via the tree, to one srde of the heater as we11 Electronic

c1rcu1try can be devlsed to accomodate these mu1t1p1e common .

~

grounds, but the large electr1ca1 transient generated during
Jthe heat pulse may be propogated into the temperature measur1ng
, clrcultry‘ Instrumentat1on to ut111ze the brass sensors in

}‘mu1t1n1e probe 1nsta11at10ns is trlcky at . the m1111v01t temper—

g Coad

s ature s1gna1 levels 1nvolved

The Teflon sensors were moderately rugged They'were'easily

“

-1nsta11ed and about 952 could be removed for use in subsequent
stud1es. They are e1ectr1ca11y rsolated from the tree and heater,
jc;rcuit. From both the mechanlcal and e1ectr1cal standp01nt

.they are an 1dea1 sensor. The small amount of sapwood they

‘=1ntegrate over may be an advantage in studylng the relat1ve1y

f1ne structure of sap movement near'tissue borders, but a: dls—'

\

To conclude this sectlon on sensors' there 1s no 1dea1
e

A

vsensor su1ted to a11 appllcat1ons of the heat pulse veloc1ty

techn1que.. The ch01ce, 1n each 1nstance, must be made. w1th

(4

* due- con81derat10n for the obJect1ves 1ntended for the data -and

the e1ectron1c 1nd1cat1ng or record1ng 1nstrumentat10n avallabl//

r

to the researcher.
N N

Indicatins orxrecording instruments
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i
partlcular11y HPVT B,'18 a borrng JoB! Sup fiow may 'occur -at. . ‘e

‘all hours of a day. Both day and n1ght HPV 8 are gecessary

L 4

ta estimate. d1urna1 transp1ratlon.'”Several'sltea may need to‘,

be sampled s1mu1t‘neoualy. All of these sampllng schemes can .

e

.be done with a number of d1rect'1nd1cat1ng instruments and several

observera‘ but recordinngf some sortlis preferred" largely

to e11m1nate errorslcaused by the boredom of taking the readlnga.
The eas1est analyslsltechnlque to ingtrument is HPVT. '

One needs only a sensitive null detector to indicate -when'" temper-'

'atures at'the up and downstream sensors.are equal, a means. of‘

'act1vat1ng the heater for some prescrzbed durat1on and a stop

.watch to 1nd1cate tz at nu11 temperature after the heat pulse_.
has been reglstered, Su1tab1e 1nd1cat1ng 1nstrument de81gns-

-are -given ' by Swanson (1962, 1974a) Thls technlque can be semi-
‘ : e
:automated to’ relleve operator error by replac1ng the 1nd1cat1ng ,

meter w1th a str1p chart recorder and . by prov1d1ng some sort *

of elementary programmer to actuate the heat pulse,. The tz is

Y

measured from the recorded temperature d1fference trace (Swanson

-

1967b).,

The HPVT technique gives the least. amount of useful 1nform—

_ation. to go w1th HPV, and 1t is not useful at HPV = 0 or at

<negat1ve HPV s. Also normal heat d1ss1pat10n from the test

’
secg1on, limits the tz one camn determlne, with. e1ther an indi-

§ s

catmg‘r recondlng 1nstrument to abdut 300 to 400 s (Swanaon

"1962) correspond1ng to an. HPVT of 3.0 to 2.5 cm h -1 w1th ‘the

(-o. 5 0, 1 0 cm) sen81ng conflgurat1on.‘ The . time spent obtalnlng

/ A PR
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X @ppeat most ugeful with d1g1tal recordlng 1nstrumentat10n.

FY
3

g . - ks . . AN - .

3

tz is in versely proportlonal to sap flow as tz is greatest at L

R o L SR, EY PRy huges I " B T w0 e D - e

the slowest flows,...j - " e “.ﬁf.g.au;, R
o™~ Thrgy USe of the)obher tlme—dependenu &olubion, HPVP,~haq A A

. been reported by Cohen and others (1980) The time of mﬁ¥1?“?,
is not sharpiy deflned at low sap speeds (Flg. 2, p. 20), “and

is best obtalned from a recorded temperature trace or. w1th an

electronlc "maxlmum" detector.. Measurement t1me is -an- 1nverse

flmctLon Of sap speed as WIth the HPVT teChnlque. . ' ’ e -

7 The flxed tife interval=HRVA; mHPVM hHPVS'end Dgwsobut1ona e v e e

v

¥
One can construct an 1nstrument to sample several sensor sets:

at fixed intervals in mu1t1p1ex or time sequence and record

the temperature in d1g1tal code on magnetlc tape for dlrect

entry rnto a computer. The'HPV logger that I had constructed

read temperatures at -60, 0,:60, 120 and 180 s. The temperetures

before (460 8) and at the heat pulse (0 s) are'ambient;'temper?

atures at 60, .120 and 180 s after the heat pulse ‘are. referred

to ambient for use in the appropriate'equatione. These data

can be nultiplexed over a relat1ve1y ‘short time span (ca. 5

to the next set so that data are taken over a long time span

to 10 min for‘!ffvof the Probe sets, 11m1ted to 8 sensor sets.

in a group by heat pulse duration), 1.e;: Ti sensor 1, T1 sensor
' : ¢

2, ...-Tl‘sensor m; TQ sensor 1, T2 Sensor'z, .o szsensor

"m; cen Tn sensor l,ATn sensor 2, ,..'Tn sensor m. . Or the temper-

atures may be taken sequentially at one sensor before advancing

—

(ca. 5 minutes for each probe set to a maximum of 12 sets if

2
.
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-

-

hourly data'are needed), i.e.: T1~8ensor 1, T2 sensor 1, ...

- - - - B

l _seasor 1,- 1. 'sensor 2 T2 sensor 2, ... T sensor 2; .

' ;lesensorlm, I24aeqeqr.q,'t.. I sensor ur_*(In both cases;

h-ib the discrete’time step, m ‘is the sensor ‘set’ number. ) The

sequent1a1 scheme can be eas11y adapted to a str1p chart recorder

2
4

or ex1st1ng data logger; the mu1t1p1ex1ng scheme 18 best suited
to a ded1cated heat pulse recorder. (See Appendix.E for suggested

o

mu1t1p1exed logger.)

-

 Sap cdqQUEFih?‘ xylem area . . . | . L e
Accordiné to Kramer>and.Kozlowski (}979) the amount of
the crosssectional area of 4 tree trunk involved in sap conductlon
variég wtdely. In diffuse porous hardwoods and nonporoue‘eon—
iferoua ~woods, a number of growth iucrements are involved
- In sqme r1ng porous hardwoods; only the most recently formed
r1ng conducts sap; .
In thlS study, wh1ch ‘has been conf1ned to dlffuse porous

and conlferous woods, I have assumed that all of the xylem 1y1ng

outside of a central core deflned by -an abrupt change in moisture

_content or color was canductlng. If Xylem pressure potent1al

is pr0pagated un1form1y across the conductlng sapwood then

one should expect sap movement wherever the wood ‘is suff1c1ent1y
permeable to .permit 1t. The saturated longitudinal permeab111ty
measurements of Booker and Klnlnmonth (1978) and Booker and
Swanson (1979) 1nd1cated that the entlre sapwood of the species
studied was thus capable of conducting sap. . In this study,

the- TR(HPV) values calculated u81ng the total sapWOod as ccnduct-

210 '
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ing area did not conéistently overestimate actual\traqspiration

as would be the case if only the small outer portion of the

-

'sapwood was actually conductlng.

- . - N - - P

The heat pulse technique with Teflon sensors may be useful
in deflnlngithe approximate boundary of the sap cooducting area
even if it does not define it precisely enough for use ‘in transpir- ',
ation calculations. Likewise pdlsed electrice].reoistance ﬁay -

‘prov1de an 1nd1cat1on of the rad1a1 extent of.dLscolouned wood - .-

. P ¢ e« o
o o . e - R - '."4‘! CI LYV e

or true heartwood (Skutt, Sh1go and Lessard 1972) Certaioly}

the radial externt of sapwood indicated by saturated_longitudinal., o
permeabilty profrles»éouid be verified. or refuted with these
techniques. Until soeh work 1is done{ Kramer and Kozioweki's

(1979) statement that the "anatomy of the conducting system

neefm, more study"” still stands.

§gpwood morsture contedt

In the‘artificalvtrahspiration situatioo of the potometer
experimentslreported in Chapter”v; celculated aapwood moiStﬁre\
content was shown to decrease—through time as the tree was sub—
Jected to considerable streqs (Flg 45 p. 186"XPP = -0.2 to
' -1 4 MPa) Edwards (1980) u81ng a non destructlve gamma atten-—

uatlon technlque on stems of. P1nus contorta and Picea 81tchens1s

(Bong ) Carr, found that eapwood m01sture content was 1ncreas1ng
" at the top of a tree wh11e decreaslng near the bottom. Shain
(1979) reported that in excised" wood bo, ts, water wae w1thdrawn
from severed - trachelds by " ten31ons st1 1 existing in the. 1ntact

xylem.v haxn and Edwards measurements 1nd1cate that sapwood

p e i  amane e
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‘moisture content is not static, presumably undergoing contlnual

spatial adJustments to equallze Iongltudlnal gradlenta 1n xylem

P T
P SR .A‘., Wbl &

pressure _potential. More. meortantlyy Edwards found tbat sapwood

mo1sture content returned to the previous day's value after

undergoxng a d1urna1 changeuwhen XPP fluctuated between -0 3

and 0.6 MPa. My results (Fig. 45, p. 186) show a range of dlurnal

fluctuation similiar td'Eanrd?s but ‘superimposed u on a decreas—
r P P P .

“ ree o o
. P O I I
as - " L R ] " s g0 w "cgt” *4 D Y _‘o’ e

“ zngfmdlsthre’cbntent trend as XPP decreases. - - ..
My results, comblned w1th Edwards (1980) .indicate that

sapwood moisture content undergoes relatlvely mlnor d1urna1

fluctuatlon. If m01sture content is. measured at the beglnnlng

and end of a heat pulse measur1ng sequence under normal physio-
logical cond1t1ons,'the da11y values 1n-betwean can be 11near1y

1nterp01ated Under’ stress condltLons, it shouy! be poss1b1e

« o0 .o
-

to’ augment beg1nn1ng and end moisture content w1th estlmates

» T

from 10ng1tud1na1 thermal dxffu31v1ty measurements. Again,

the sapwood mo1sture content of 11v1ng trees is an area whe;é
further study 1is needed, Perhaps slmultaneous estlmates based
on longitudinal thermal"diffusivity_medéurementsland gamma atten;
uation would improve ourlunderstandlng of m01sture content fluc-

tuatlon in normal and stressed trees.

RECOMMENDED PRACTICE _

.‘ r_:J

- Sap flow or transp1rat10n measurements wh1ch are based .ot

~on heat pulse veloc1t1es, requlre soupd spat1a1 and - temporal

,e .

HPV sampllng procedures as well as accurate estlmates of the

aap conducting area, sapwood mo1sture ‘content and sapwood bas1c

s

o
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. -.recommendations yrlmaraly as anguldellne that may or may.not. .

e ,‘._gpplicahil,ity:” e e e e

density. The techn1ques and analyses to obtaln HPV 8’ at a po1nt

- [

' '1n th1s study and'must be strlctly adhered to in order to obta1n R

£

.comparable results. The tEChnquEB 1nd1cated for obta1n1ng es-
””t1mates of sap conductlng area, sapwood mo1sture content and
temporal ‘spatial- HPV averages are those that I have used w1th

some - degree of success.. Th1s latter group is: anluded in. these

"u«x‘!o ERRK RPN woa e e ,-‘,u [ LR L S --'_..4‘,,_,,,_
- .

be. aﬁequate to obtaln reasonably prec1se estlmates of sap flow

w5

Ain a particular situation.

S e s L (- e w R .
. BT

The pract1ce recommended here is appllcable to all con1ferous

e @ - 5
< 4 ,'l [EJPN

and diffuse porous woods meetlng the’ follow1ng crlterba, - ;W.\

,...:._.

1) - -Sapwbod equal to, or greater than, 1 Cm in rad1a1

tee o B A
w1dth i. e., stems at least 2 cm, d1b )

2) Latewood port1on of growth rings eQUal to or less

o "o %« than 0. Z cmin rpdlal width and: maklng Wp riot more

P

that SOZ of the’ sapwood.

"3) A m1n1mum of six to ten vessels pen,square millimeter
oo e Ut . L . : ETEN w . 3 S :
= e, q i . R
(dlffuse poro:s woods only) o - O

HN t; . f,~, .,’4 ! . B L ' ’
4) Sensors 1nsta11ed 10 or fewer days.

o e -

Heat pulse 1nstrumentat10n,'

. ,Sensor configgration

Sensors 0.16 cm dlameter spaced 1.0 + 0.1 cm at equal depths
above and below a. 11ne heeter extend1ng from the ‘bark surface

to at least 1 cm deeper than the t1ps of the sensors. . .

are based on the slmulated and exper1menta1 resulta reported S
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"';;;_l ‘. 3 ”) HPVS }rom temperature‘ratlo at- liO s‘(Equ;6y;p; 2L5.un

. B Thls technlque is usefur hith the above ‘Sensor- spaczng
from HPVS % 0 to 30 cm h 1; wh1ch at W = 0 20 cm,:
corresponds to a true HPV range greater ‘than 60 cm h -1
(Table 19) —/ Thls Yange should be adeooate for the

: appllcable woods.' AL . |
.2) Long1tud1nal‘thermal dlfrue;v1ty-ca1culated at . the

T downstream senhor with’tempereture«data’taken ato - -

60 120 and 180 s.

Sensor}materials

R ‘Teflon,.” glass ot brass dependlng upon the ob3ect1ves of -

. the study and the 1nstrumentat10n avallable. Glass or brass

-,
.4

materlals are préfered- for transpiration studies.

PR

Recorderfcontroller

The block" dlagram oﬁ -a controller -to actuate a glven length
heat pulse and record the temperature rise at the up and down-

ifstream ‘sensors of ‘'two HPVUprobe'installations'is given <in Appendix

7/ . The ‘equations of Table 20 are presented as a convenience
to those who have used Marshall's" 1deal1zed theory with
implanted, asymmetr1ca11y spaced température sensors,
Although ‘this Table was derived from simulations of 0.16 cm
diameter glass sensors at (-Q. 5;0.1.0 cm), these equations

. give results (us1ng HPV' w1th1n 5% (at, the appropriate
wound width) with any sensor~material if the sensors are
A - . spaced so that the difference in up and downstream distance
. is 0.5 cm, i.e. (-0.3,0,0.8 to -1.0,0,1.5 ¢m). I have
also included equations for use with HPVA to resolve sap
flows near zero. These last are valid for data from 0.16 em -
'dlameter, glass or brass sehsors spaced (-0.5,0, 1.0 cm),
'analysed at tl = 60 a and t2 = 120 8.

&’

~
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Table 19 Coefflcquts £or talcularing~1mposed HPV*ﬂ w1th glass, i

=:brass ‘or Teflon sensors spaced (—1.0 0, 1 0 cm) calculated u31ng Equa—

“tion 6 €p. 219 HPVS downstream to upstream temperatu:e ratio at

ature sensor at t = 60, 120 and 180 su‘HPVC = a4+ bHPVS +- C(HPVS)2

Wound Hpvs 4':0130‘¢m/h.r.«,3-‘* . 5ayv3'o"deSL¢h/h"°

cm a b . Loe T a b c
'0.16 3.708. - 0.655 - 0.063  0.090 1.404 0.029:
0.20 4.612 - 0.449° 0.099 0.115 - 1i505 = '0.045 "

- 0.24 5.329 0.254 0.141 0.132  1.622 0.063 -
0.28 - +6.617  -0.162 0.214 0.146 1.767 0.088
0.32 7.577 © -0.543 - 0.296 - 0,166 - 1.921 " 0.117°
0.36 9.097 -1.241  0.434  0.179  2.113 0.158 - -

" 0.40 - ... 10.432  -1.994 0.607 0.195  2.332 0.205

10.44- - 11.88F ._-2,912 .Q.832‘,“>'Q 205 .. 2.607. . 0.261 -

. -0.48 12.910;.—f¢3.829J 71,1300 0.206. .- 2.946 ~ © 0.327
0.52 14.023  -4.897 1.473 0.207 3.333 . 0.401

120 8 and‘lohg1tud1nal thermal defuslVlty from .the downgtream temper-'*"“"”



Cim e an e 1w AR T . [N B Lo S rtita-2 ot .,?‘!:maskv-_a4:«-.-1»&:-._-3‘«-4.“‘.;..'.--.._-;‘L.-,-A.l-,...»,ﬁw--:ar.‘:‘fr\:ww"‘.‘. TSN AR g o
N A R ; D ol . - '

>

I »

. Table 20 T (flcbef:"f1crénts\forn calculatlng 1mposed ‘HPV's from those’
'4:,,1,__ e c&lcubated us1ng .Equatl,,on 8 (p 22), HPVT, oT "Equation 9°(p. 23) -

bbbbb

UHPVA, - at t = 60" and 120 8 thh glas's ‘or- brass’ se‘nQd‘rB spaeed ( 0 5

~~~~~~

R EAY ) My B 0 cin) "(Usé Table 19 with Teflon sensors in this conflguratlon,)

. - : -". - . : - <, - »-»' ‘.
7 3 - - ‘y £ - “
f ...,,q“ -A-..,t - e omeom o 216

“URPVC = a ¥ b(HPVA or T) + c(HPVA or T)2 "":'_‘h__‘__n,;””_,,-, e e

Wound - _HPVA or HPVT 3 to 30 cm/h . HPVA 0 to 6 cu/h_
em v - a ' Tp c ‘ a’ b o c.
0-16 . . .-0.392  1.35  0.036  0.44k  1.332 - 0.029
0.20 0.807-  1.203 - 0.058 0.465 1.396  0.037

©0.24 < 1.184 1,072 " 0.087  0.495 = 1.487 - '0.046

- 0.28 1.524 . 0.964  0.124 0.533- . - 1.604" " 0.056
0.32 1.826 0.879 - 0.169 ~ 0.580  1.747 . . 0.068
0.36 2.090 - 0.818- - 0.221 0.634 . 1.916 - 0.082
0.40 2.317 0.779 . 0.281 = 0.697 2.110 "~ 0.088

- 0.44 . 2.506 0.764 0.349 . 0.769 2.331 © - 0.115 , |
0.48 2.658 - 0.7727 . 0.424 . 0.848 . 2,577 ° 0.13 .-
0.52 $2.772. . 7 0.802, . 0.507 " 0:936 - 3. 850" "0.154
S -
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at any t1me 1ntervals, but the equatlons g1ven in Table 19 are ' ‘ B

.

- va11d only w1th temperature data taken at 60, 120 -and 180 -s.. . &

Sap conductl ng area

The portlon .of .the xylem -defined by the depth at an abrupt
decrease 1n moisture content or, change in color is con81dered
as conduct1ng sapwood This depth should be determined in ‘a
standing.tree; as the average from at least 4 increment borings
taken 30-to 40 cm above and below the sensors; or if the tree

‘is felled_and the wood near the sensors cau-ge excised,<the

o “

average of the. actual depthsfatﬁeach sensor.

Moisture content

In trees not subJected to 31gn1f1cant droug t stress (BP
‘between -0.3 to" -0 6 MPa) mo1sture content can be determined
gravlmetrlcally‘from 6_to 8 increment cores taken near dawn

“(XPP at maximum for the day) at the beginning and end of each

installation's 10 day sensor use limit. Moisture content may
2lso be inferred frOm ‘the longltudlnal thermal d1ffus1v1ty measure-
ments if wood baslc densxty 1s obtalned or can be est1mate£

If this is done, ‘the D1 used sh0u1d be the average of that ob-‘ S

~tained from the ‘up and downstrean sensors; The: Mgw(D ,Pb) tech-

n1que rema1ns to be proven even though 1t was used in the poto- v no
meter experiments reported in Chapter V with moderate to excellent
results. B . . | . ‘.: L

1f heat pulse veloc1ty measurements and sap flow calculatlons

are to be carried out over extended time and a s1gn1f1cant change
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in.BP (from -0.4 to —I.O‘MPa); then'moisture<contents shduldi'

be determined- perlodlcally throughout the experlment. 1 do

. -

“ . o . °

. not trust the m01sture content values obta1ned from 1ncrement
borlngs from trees at low XPP's (- 1.0 to -2 0 MPa) (Swanson
19708), althOugh Warlng and Running (1978) and Waring and Roberts

i

(1979) apparently do not share my concern in thls regard. I

L/ 1

feel that calculation of moisture contents from the D" and Pb

measurements is a useful approeChieven.though this technique ,
is unproven. Gamma attenuation (Rothwell 1974 Edwatds 1980)
or, capac1tance (Swanson 1966) are nondestructive, but also unprov-

en, altegnat1ves to the increment core method for determining

moisture content,

HPV samplinéhguidelinesA
1) ’ Ail of the sensors should be plaeed in the sap conducting
| sapwood.. There is no flow in heartwood'or &ieeolo;éﬁiwoodt
HPV's measured there are due to radial conduction of heat
from the temperature pulse advanc1ng longltudlnally in
the sapwood o
2) HPV measurements at a given point may be teken es frequentlyv
as once ever§‘30 minutes withbut“interference'from the
prior heat pulse. 1In general it is nqt.necessary'tO'sample“ L,
this‘frequently. One measurenentveech hour from all sensors
is the most frequent that I have used. Th1s was more than
adequete to descr1be the time rate of change of HPV under
the rapidly changlng "square wave" light regime of a control- .

. 1]
led environment chamber.
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3)

- 4)

5)

HPV probe sets should not be 1nstalled w1th1n bocm (lateraL~ "

ly). of each other 1n order to av01d temperature 1nterference
from the heat pulses.' Nelther should’ they be 1nstalled
within 10 cm (dlrect line above or below) of each other

in order to avoid interferehce from the wounded tissue:

that usually ertends several centimeterg.ahove and below
each probe set.

The spatial var1at1on 1n.HPV from p01nt to point in the
xylem of healthy and unstressed trees is assumed to be

less than in those subJected to d1sease or stress; '&he
number of HPV probes sets that should be lnstalled in ;h

unstressed 1nd1v1dual tree is 8 to 12 ‘1.e, 2 tou3 at the

center of each'of the toroidal areas defined\by'diﬁidihg

. the sapwood radius into 4 gqual length segments. A similiar

number and arrangement of probe sets should be used to

sample a plot of unstressed trees: i.e. one probe set in
. j '

each tree; 3 trees with probes centered in each of the

4 toroidal areas for a total of 12 trees per plot (Swanson’

" 1970b). ’ ' o .

~ The number of HPV probe sets that should be 1nstalled
in a stressed tree is '] Teflon sensor set for each 1 cm2

of sapwood or 1 glass (or brass) sensor setifqr each 2 cm2

of sapwood. For example; a 20 cm dib tree with 1.5 cm

wide sapwood would require 30 glass (or brass) or 60 Teflon

sensor sets to insure full areal\coverage.'
It is better to err towards too many probe sets than too

few. One can always discard data not required but he cannot

T e e g e e e 1 g
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generate that not taken. ' Sampling programs in studies

4 ke . - ’ - ’ 3 .
conducted subsequent to an initial one can be modified-
downward  if the. results indicate that the initial one was

too dense.

SUMMARY AND CONCLUSIONS
'Theoretical -
.Ideslized heat transfer theory-describing the velocity

of a heat pulse as propagated through sapwood by conduction

through the wood and sap substance and convection by mdving

- sap streams with 1mplanted line heat source and point temperature

sensors (Marshall 1958) is not directly applicable to the measure-
ment of sap flux in coniferous or diffuse porous woods.‘The
1deal1zed theory does not account for the effect of nonconvectlng E

wood in the plane of the 1mplanted probes that necessar11y results,

from the 1nterrupt1on of flow elements, the effects of probe //r\f\_

o .
materials w1th differing thermal properties than the 3-dimension-

ally anisotropic wood, nor the norﬁal variation in wood thermal
Properties that exists at stem tlssue borders such as bark/sapwood

and sapwood/heartwood ’

The 3- dlmen81onal pert1a1 dlfferentlal equat1on for heat
transfer by coupled conduction and convection can be solved
numerically for spec1f1cjstem t1ssue and.heat pulse probe 1mplant
31£uat10ns. Two 2- d1menslonal finite differénce: numer1cal models,

one in the tangentlal 10ng1tud1nal plane and the other in the

rad1al long1tud1nal plane were successfully used to explaxn



S

{

_most of the observed departures‘

Y

etween practieallapplieation

':jand 1dea11zed theory. ’ o
The taJ;:;:1al longltud{nal model waa used to s1mulatea, .
the effect of nonconvect1ug (wound) mater1a1 in the plane of

”the sensors. S1mulat10 8 w1th wounds from 0 04 to 0 52 cm. wlde

and 1mposed heat puls_ veloc1t1es (HPV's) from 0 to 60 cm h 1,

11nd1cated that s1gnmf1cant departure from the 1deal1zed case

‘foccurs at 0 04 qm‘énd at the width of pract;cally—s1zed heat

A <
e

. fif;P“lBe probes (0 16 cm dlameter), calculated values are approx-

‘1mate1y SGZ of bhose 1mposed

i@Y”f;; - The radzalrlong;tudinal model ‘was used to s1mulate the
"effects of Bﬁrk/sapwood and sapwood/heartwood in radlal cross
sect1ons wlth sspwoods of l 2 and 3 cm w1de, 1mposed HPV'

0 to 60 cm h‘ ;h S;ngle sensor measurement and’ analys1s technlques

o, o -
-

'-are shown to be v1rtually useless at 1mposed HPV 8 0 to 20 cm h 1,

'ifﬁﬁ f; espec1ally near either of the tlssue borders. Both symmetrlcally
) 'vand asymmetr1cally Spaced tuolsensor measurement and. snalys1s o o v'd"~
‘technlques were, usable at 1mposed HPV s 0 to 60 cm h -1 at locatiOns Idv .‘F:'
'j, E vfln the sapwood\greater than 1 Cm from ‘the sapwood/heartwood | o

' border. W1th1n11 cm of th1s border, both of the two sensor, -

l

_techn1ques, HPVA and HPVS, ‘were- usable at 1mposgdnHPv 8 0 to

'.30 cm h 1, w1th the symmettlcally spaced HPVS sbmewhat superior

;:at HPV - o.

: fni'f:Exper1menta1

ExperlmentaL results 1nd1cated that wound w1dth (W) in; the

l
| |
'hplsne of the 1mplanted probés was the maJor sOurce of de%arture ofﬁt
., . B . ‘ P '.
!
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pract&ce from 1dea112ed theory In a Rxnus radlata, calculated L

- “

- ‘transp1rat1on from 1dea11zed theory vas; 492 of actual (by 1y51-

r,“

metery),’ but'w1th a numer1cadly derlved correc£1on equatlon
5

“Loat W= 0. 20 cm, calclulated transp1rat10n was 1032 of sctual

-

In a d1ffuse porous hardwood (Nothofag us solandr1 var cllffort-

1o1des), calculated transp1rat1on from 1deallzed ﬁheory was r’EQ

26% of actual (by cuvette) butgw1th numer1cally der;ved correction
&

o

equatlon at measured WOuﬁﬁ 0. 48 cm, calculated transplrat1on

was 110% of actual., Srm1llar results were obta1ned 1p Plnus

“

‘halepensls, Plcea g uca* Pogulus tremu101des and Betula B_EZ_

. - :ﬂ » ' . ) » . . .
ﬂrlfera. I ' Cs RN : T

.

Stem: t1ssue°borders are . fhportant sources of departure'

~ . . »

from 1deal1zed theory with s1ng1e sensor measurement and analys1s

"
- 3

- technlques. _HPV' sryeasured with a slngle sensor showed little

or asymmetr1ca1 conf1gurat1onak1n the 1 to 1. 5'cm w1de sapwoods
of 4 d1ffuse porous hard&ood potometer experlments.
ngh thermal conduct1v1ty HPV sensor materr;is cause ‘some
'departure from ' 'no materral" numerrcal solutxons w1th all physzcal
:arrangements and analyses technlques.. Long1tud1nal therﬂal
'olffus1v1ty measured at’ HPV = 0 with glass sensors at 0.48 cm
upstream from the heater .are in error by aproxlmately '~20% to
| 0%; the errors w1th comparablgpsensors at" 0 96 cm are -10 to
| ‘67.&, and at 1. 44 cm, ~4 to 674 S A
Heat pulse veloc1t1es determlned w1th1n 1 cm on eltherl
~:‘slde of the sapwood/heartwood border are underestlhaues on the ﬁ,f

° t

or ‘no. correlat1on W1th HPV ] determ1ned w1th two—sensor symmetrlcal
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than bead—shaped sensors . This 1ntegrat10n may prove . advantageous

cactual m01sture contents. over ‘the range 12 to 150%, oven dry

" error of estimate of 16%. St ' ' T

N
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sapwood side, overestimates on the heartwood side. Rod-shaped

o

h1gh thermal conduct1v1ty sensors tend to 1ntegrate HPV across

1

the sapwood/heartwood border and over a greater area of xylem {

'

in transp1rat10n ﬁeasurement but is a dlsadvantage in determlnlng

.the phy31ca1 character1at1cs _of xylem sap flow.

,u‘

" Wood mozsture content ‘may be dynamlcally and nondestruct1ve1y

: determlned frOm long1tud1nal thermal d1ffus1v1ty measurements

and baslc wood density. A 11m1ted test of the feas1b111ty and -

accuracy of such determlnatlons 1nd1cated‘that calculated and .
L}

weight basis, were closely correlated, R2 = 0.81, with a standard

hN

. The numer1ca1 and per1mental results 1nd1cate that solut1ons .

~to the heat transport e guat1on, _Pec1f1c to heat pulse xnstrument—

ation and stem cross sectlon, are’ necessarx to achleve accurate

results w1th the implanted line source heat ELlse method When

such solutlons are. avallabler this method can zggld very accurate

estlmates of sap flow and transp1rat10n. I have g1venlsoluti0na <

for a suggested standard conf1gurat1on of 0.16 c cm dlameter sensors

symmetr1ca11y spaced 1 cm up and downstream éro a 81m111ar

diameter heater, Wthh 18 su1tab1e ‘for use in most conlferous
and diffuse porous hardwoods‘w1thsa sapwood-rad1us greater than

1 to.1.5 cm., I have also 1nc1uded solut1ons for the same heat

-
-

fpulse probes 1n the two sensor, asymmetrlc_O.S cm upstreamg

Y. 0 cm dOWnstream sensor, conflguratlon that has been used in

much .of the . prev1ous heat pulse veloc1ty work. '

T I  ntyy L P R A AR A e ey L
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B APPENDIX A ‘
f{ PLANE Hﬁgl SOURCE GEOMETRY EQUATIONS
'fy The analytical solut1ons to)Equatlon 1 (p.hl8) for ava;ne
sak
heat source geometry, contalns ¥y square-root term 1n the denom-'i
1nator of the nonexponentlal term that alters the forms.of

e
.f..

: the work1ng solutlons from those for the llne,heat source geo-

A} * s
: ', .

mbtry. The worklng equatlons llsted helow are for use in heat

5. .c~;

) pulse studLes 1n whlch the plane heat source geometry 1s used

»

3

. None of the slmulations done 1n th1s report were 1ntended

‘.

. to approxlmate plane heax source geometry. However, there ]‘

Ly . v

_.1s no tangent1a1 heat exchange 1n ‘the rad1a1 longxtud1nal model

: Because of th1s lack of tangent1a1 heat exchange, the RLM rep— :,:

resents a sllce where both the sensors and the heater are 1nf1n1t-

s
B

ely wlde and the plane heat source equatlons must be used to f

EN
PV

-obtaln solutions from the temperature f1eld generated w1th B S

'2, : Planeﬂheat.source geometry worklng equat1on comparable

thms model

°, SRR
k O

1.7 Plane heat source geometry analytlcal equatlon comparable

to Equat1on 3 (p. 19), (Carslaw and Jaeger 1959, Closs 1958)

Where all symbols are as. deflned in Chapter 2 (p. 19).

P 3

't° ,Efqu_ation 4 (p. 19{),?‘_: :'_" -

, . HPVM = r[(.{tllnR.l.-, t3lnR )/t:1 ) 31n(R /R )] ;:_ﬂ.-'.(-""-)' :

L]




N

ﬁfTh1s d1ffus1v1ty equatlon (Eq. 5a) must be used to obta1n the

| '-Note thht Equatlon 6a 1s 1dent1ca1 ‘to 6 except for the source ‘j' '
'ﬁof the "D" value, "
5. Plane-heat~soufte;werkingheqhivélehtfto Equétioﬁ?’w~vf“

W e .

.‘. to complete t e set of worklng equat1ons._”7"

237

N -
- t;i/T t;! R l"‘/'1'3 3

-Where R 2‘ 2 3

1

e;;Note that the only drfference between Equatlons 4& and 4 Sa

and 5, is the 1nc1u81on of: the tZ 1n the equatlons for R .
3V. ‘Plane heat source work1ng equ1va1ent to Equatlon 5 (p.»
21).

——

D=0y - ey e, 31n(R /n ) 2,.‘?j;~'f .'f<5g)v,,

"D" used in. Equatlons 6a and 7a below.A'”

4. Plane heat source worklng equlvalent to’ Equatlon 6 (p, e

. s

21). v. o . \,A .‘ " R - : v R : ‘ “ ‘.'...' ‘

HEVS = (D/r)1n(Td/Tu) cm s~} - (6a)

.

’ . . Lot L L . .
. ‘,_,.';_.;,, - . ¢ : - . e ' s

it

S s

K

e

o | .. -
HPVP = (£2 - 2Dtp);’f/tp._ com 8”1 Lo T (7a)
Note 2D in 7a v1ce 4D in Equatzon 7 . ’h‘ “v]:

* Both. Equat1ons 8 and 9 are 1dent¢cal in e1ther the plane

or 11ne heat source geometry. They are repeated here slmply

CHEVT = (Ru + Xd)/2tz .cm s 4'"ffih, | 1‘[‘.5' 4 (8a)

HPVA - ( U+Xd)(t lnsl-tzlns )/Zt t ln(S /S ) cm s 1"l.(98); RN

)
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| APPENDIX B N

ENVIRONMENTAL CHAMBERS UNIVERSITY OF ALBERTAA.
Dimensioné
o Height - 3.22 . m
N ‘Depth " 3.71m
o ; Width | 2 34 m '
Door:

Width 0.9 m .
Helght 2.84. m .

Env1ronmental capabllltles g

.

ALr Temperature o S e

. -5 to 50 °c llghts off -
“ 5 to 50 C 11ghta on , v
o Humidity s o Co e \ :

© at AT = 35 °C, 20 to 80% RH
= 16 502
=5 - 851 .

,,,,,

Hanufacth%éd by'

Env1ronmental Growth Chambers
P.0. Box 407 .
Chagrln Falls, ‘Ohio -

/! 5_ o ) . nght 5 comblnatlon . - :‘;'j-bwfm-z

'.»g1/3 Fluorescent Lome o . 64
©2/3 Fluorescent SR . L - 106-
Full Fluorescent R R R 170, .
'Full Fluoréscent + Multlvapuur S - 187 . T 7
Full Fluorescent + Lumalux + ' . -  311 -

' FulI Fluorescent + Lumalux + Mu1t1vapour o 326, .

&0

o L S e ; o : ‘* . - T )
- X } . . . . . . - © . . . . X - ) Lt
« L . o . T : Y A
M ‘ D ‘, : s . ,‘ N N ) S : ' ! :
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APPENDIX c. I
. : Lo
WHITE, SPRUCE LYSIMETER EXPERIMENTS

Strlctly speak1ng, these were . not trees in 1y81meters' merely

large potted plants.’ The welghlng dev1ce was based on the we1gh1ng

1ys1meter des1gn by,McIlroy (1975) and 1 contlnued to use .the term

1y31meter. McIlroy (personal cOmmun1cat10n) refered to the conatruct1on

as belng similiar to a'large "Mechano" set. Mine certalnly had an
'"Erector" or "Mechano" set appearance as they were constructed from

read11y available 1ndua4;1a1 she1v1ng support material. The general

.

deta1ls of ‘construction are shown in F1gure 46. The c1rcled areaa
.’~ .

b(F1g. #6) contaln the p1vot p01nts for the balance, and these should

be as free of frlctlon as poss1b1e. In1t1a1 balanc1ng was done by

"castlng an. 1n1t1a1 balanq1ng welght (of lead) that was sl1ght1y greater

than needed to balance the potted tree.' F1ne balance was ache1ved

L4

by addlng water to a container attached'to the tree container, The

'zero p031t10n of the off balance 1nd1cator arm was marked on the ver-
t1ca1 support. As evapotransplratlon occured balance was restored

by addlng suff1c1ent water. to the counter . we1ght container to restore

-

the p01nter to zero. The leads to the HPV probes were a source of
fr1ct1on ‘80 that counter we1ght addeﬂ was not: exactly equal to ET

loss (Flg &J) Also some evaporat1on occured dlrectly from the so11

.

~ and’ pot, even though p1ast1c covered A measure of pot evaporatlon
' @ A :

1u_at varlous light 1ntens1t1es was obtaxned at the end of the experlment.

' The average value of pot evaporatlon at each 11ght Lnten31ty (Table

© 22) was subtracted from the per10d1c we1ght loss measurembnts to obtaln

‘ transp1rat1on. 3 o e , - N\j;//j
. c s " R i

e,

. 239
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Figure 46, "'Lysnneter" construction details.

The - dimensions are
not c¢ritical and wereis

needed to accomodate the hardware that

was avallable locally & The clamp bars were 1.25 x 0.50 inch steel

- . bar stock ‘the lever arms 0.75 inch iron pipe with 45" elbows and
short . n1pp1es to connect to the clamp bars. . The initial balance

.we1ght needed was determined w:.th a sprmg scale before cast:.ng
it from plumbers lead. : < :

A et in e
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Figure 47. ”Lyslmeter calibratxon curve. Least: squares f1tt1ng,
counter welght added (CWA) versus actual weight loss TR(WL), grams,
‘with all HPV probe - leads attached to tree. TR(WL)2= 40.6 + 0.88(CWA); -
R® = 0.9818, 55 = 5 &. . | AR

" Table 22. 'Evapdration from 1y31meter contalner alone, no tfee,_@ll
. HPV' probe leads removed. AT = 20 to 25 C

nght Inten81ty (PhAR) : .'Evaporatioﬁ
—— - . *_&‘ —

o L 5.2 T
T L ‘ _ 5.4 L

106 - - S 10.2 C
170 B C 11,0

-
o a ’
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Table .23. Schedule of events whlte s

nghts on 0900 - 2100

pruce lysimeter experiments.
, chamber dark 2100 - 0900. '

242
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:Date - Julian Date LI(PhAR) ‘Activity
DA/MO/YR - Jp Wm 2 |
28/06/78 179 170 12 ‘hour shakedown run
29/06/78 180 170 . No HPV data '
'30/06/78 181 64 12 hour rdading schedule trees
01/07/78 182 106 12 hour reading schedule trees
02/07/78 183 170 12 hour reading schedule trees
03/07/78 184 64 No HPV data until Jp 188 ° |
07/07/78 188 64 12 hour reading schedule trees
08/07/78 189 106 12 hour reading schedule trees
09/07/ 78 190 170 12 hour reading schedule trees
10/07/78" 191 170 'No HPV data until JD 195
14/07/78 195 64 - 12 hour reading schedule trees
15/07/78 196 106 12 hour reading schedule trees.
16/07/78 197 170 12 hour’ reading schedule trees
17/07/78 198 106 No HPV data until JD 202
21/07/78 202 170 12 hour réading schedule trees
22/07/178 203" 170 12 hour reading schedulé trees
23/07/78 - 204 170 . 12 hour reading schedule trees
"24/07/78 - 205 - 64 No HPV data until JD 209 =
28/07/78 -209. 170 © - 12 hour reading schedule trees
29/07/78 210 - 170 12 hour reading schedule trees
~30/07/78 211 . 170. 12 hour reading schedule trees
31/07/78 . 212 - 170 - ©  No 'HPV data until JD-216 .
04/08/78 2160 >~ 170 12 hour reading schedule trees
05/08/78- | - 217 170 12 hour reading schedule trees
06/08/78 218 ~ 170 12 hour reading schedule trees
07/08/78 219 #F 170 No HPV data until Jp 223
11/08/78 223 - 170 12 hour reading schedule trees
12/08/78 . 224 170 12 .hour reading schedule trees
‘13/08/78 . 225 170 12 hour reading schedule treées
14/08/78 « 226 170 No HPV data until JD 230
18/08/78 230 170 12 hour reading schedule trees
19/08/78 231 170 12 hour ‘readidi schedule trees
120/08/78 . . 232 170 12 hour reading schedule trees
No HPV data until JD 239. Start chamber
’ - B009- 3 "This chamber" held at 5°C slnce
( _April 1978, LI 64 W m (PhAR) 00 - 05
- daily. Change to AT = 25 C LI . 170
v o W m,z; 09 - 21.daily.
. 27/08/178 - 239 170 12 hour reading. schedule trees
03/09/78 246 170 12 hour reading schedule trees
04/09/78 . 170 :12 hour reading schedule trees

PG1,
FGI,
PG1,

PG,
PGI,
PC1,

PGl,
PG1,
PGl,

PGl,
PG1,

PGI,

PGl,
PG1,
PGI1,

PG},
PG1
PGI’

PG1,
PG1,

PG1,
PG1,
PG1,

PG3,

PG4

PG2
PG2
PG2-

PG ©

PG2

PG2
PG2
PG2
PG2
PG2

- PG2

PG2

_PG2
PG2

PG2

_PG2

PG2

PG2

PG2

PG2 ‘
PG2 -
PGZﬂgr///”\~—_

PG4
PG4
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Table 24, Twere‘héur reading schedule.

. Period U .v : -"' Activity.

‘080070?00_ Read HPVT's, XPP, RL. Rebalance iysiﬁeter‘at’0§éd*
0900-0930  Work HPVT data off of strip charts |
0930-1000 - Read HPVI's s

' 1000-1030°  Break . o
1030—'1100':?; Read HPVT's - L
1100-1200 Work ‘HPVT dat§ off of strip charts.:

1200-1300  Lunch | ' |
1300-1400  * Read HPVI's, XPP, RL. Rebalance lysimeter at 1300
1400-1430. - Work HPVT data off of strip charta T
1430-1500'. -Break '

15001530  ° Read HPVT's _ _

_i§30-1700 : WOrk HPVT data off of str1p charts

. 1700-1730 -“Read HPVT 5, rebalance 1ys1meter at 1700
";1730—1830 Dinner

.‘ 118301930 Read HPVT's, XPP, ‘RL _ |
1930-2030  Work HPVT data off of strip charts o e
. 2030-2100 Read HPVT, rebalance 1ys1meter at 2100 | ' h
12100-2130 Break \ ‘
' 21§o~5230 Read ‘HPVT' s, XPP, RL.
o 2230 Secure for the day. B N \

ok Rebalance. trees PG3 aﬂB;Pcanohlzfgf‘é830; other readings as indicated.
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Tabléi25. HPV‘instrﬁmentatiBn installed in white spruce tree PGI.

"2y e

244

+

. Sensors were 0.16 cm diameter glass rod; heater was 0.16 cm diameter

_brasé.
Sensor Date Inst Xu  Xd d. SWTI dib A Remarks
No. ‘DA/MO/YR cm -cm - cm cm cm cmB
109-  23/06/78 -0.48 1.00 1.00 1.2 8.50 27.5 . : N
110 23/06/78 -0.50-0.98 1.25 1.1 8.50 . 25.6 - Fn heartwood
111 23/06/78 =-0.50 0.99 1.50 1.1 8.50 ““In heartwood
112 23/06/78  -0.50°1.01 2.00 1.1 8.50 In heartwood
113 29/06/78 -0.49 1.00 0.75 1.0 5.96 15.6 B T
114 29/06/78 -0.50 0.96 1.00.1.0 - 5.96 . 15.6 - . .
115 29/06/78 -0.50 1.00 1.25°1.1 5.96 _ - In heartwood =~
116 - 29/06/78 -0.50 1.00 1.50 1.2 5.96 . In heartwood
117 - 02/08/78 . -0.50 1.00 0.751.0 5.88 15.3 : '
118 02/08/78 -0.50 1.00 1.00 1,2 5.88 17.6 . ,
~119. .- 02/08/78 -0.51 0.97 1.25 0.8 5.88 In heartwood
120 - - 02/08/78 -0.46 1.00 1.50-1.0 5.88 . . . In heartwood
M1 21/10/78 -0.50 0.98 0.75 0.8 5.90 12.3 - .
122 21/10/78 -0.47 0.99 1.00-0.9 5.90 14.1 In heartwood -
123 21/10/78 -+0.50 1.00 1.25 1.2 5.90 In heartwood .
i24 21/¥0/78 -0.43 0.94 1.50 0.9 5.90 In heartwood |

" * Sensor used in

'Table 26. HPV instrumentation installeh.iﬁ,white sprube tree PG2,

" Sensors were 0.16. cm diameter- glass rod;. heater was 0.16 cm diameter

.

TR calculations even

T

though slightly in heartwood.

"brass.
. - y :
. Sensor Date Inst Xu Xd .d SWI dib A - Remarks

' No. DA/MO/YR " cm cm ‘cm © cm cm cmB
201 - 23/06/78 -0.46 1.00,0.75.1.4 6.24 21.3

,ZOZK\N,23/06/78 =0.50 1.00 1.00 1.1 6.24.  17.8 :

203 23/06/78 -0.50 0.97 1.50 1.1 6.04 In heartwood’
204 . 23/06/78 - -0.49 1.00 2.00 1.4 6.24 In heartwood
207 - 29/06/78 -0.49 1.00 0.75 0.9 5.10 11.9 R
208 29/06/78 ~0.49 1.00 1.00 0.8 5.10 10.8 " In heartwood:

, 209 29/06/78 -0.50"1.00 1.50 0.9 5.1Q In heartwood '
210 29/06/78 -0.46 0.96 2.00 0.9 5.10 '~ In heartwood
211 02/08/78 -0.50.0,99 0,75 1.2 5.17 15.0 . - SR

212 02/08/78 -0.50 0.99 1.00 1.1 -5.17 14.1 o
213 - :02/08/78 -0.41 1.00 1.25.1;0- 5.17 In heartwood -
214 © 02/08/78 -0.50 0.99 1:50 1.0 5.17 _ " In heartsvood
215+ 27/11/78  -0.49 0.98 0.75 1.0 ,4.84 12.1 PR
216 ° 27/11/78 -0.47 0.951.00 1.0 4.84 12.1 !

-217 .27/11/78 -0.50 1.00 1.25 1.1 4.84 .  Non functional
218 27/11/78 -0.51 0.98 1.50 1,1 4.84 In heartwoéd

4

* Sensor used in TR calculations even though sl¥

\

ghtly in heartwood.
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Table 27. HPV instrumentation installed in white s"'p'ru(:e tree PG3.
Sensors were 0.16 cm diameter glass rod; heater was 0.16 cm diameter
brass. ’ T T K

Sensor Date Inst - Xu Xd d SWT dib A ' .'Remarks

. ) . n
No. DA/MO/YR cm cm  cm cm  ¢m. 'cmE

305 . 24/08/78 -0.49 1.00 0.75 1.25 5-18 15.4

306 24/08/78 -0.47 1.00 1.00 1.25 5.18 _15.4

307 24/08/78 -0.50 1.00 1.25 1.25 5.18 15.4 o

- 308 24/08/78 -0.48.1.00 1.50 1.25 5.18 . In heartwood
309 24/08/78 -0.50 1.00 0.75 1.04 4.83 12.4 N
310 24/08/78 -0.42 0.99 1.00 1.04 4.83 -12.4

311" 24/08/78 -0,50 0.98 1.25 1.04 4.83 - In heartwood
312 24/08/78 -0.50 0.97 1.50 1.04 4.83 = In heartwood
313 24/08/78 -0.49 0.99 0.75 1.10 4.57 12.0 BRI

314" 24/08/78 -0.50 1.00°1.00 1.10 4.57 12.0 . - '
315- 24/08/78 -0.49 .0.98 1.25 1.10 4,57 " ‘In-heartwood
316 24/08/78 -0.50 1.00 1.50.1.10 k.57 - .  1In heartwood

Table 28. HPV instrumentation installed in_.whig'éfv,__sp&uce tree PG4,
Sensors‘were 0.16 cm diameter glass rod; heater ‘was 0.16 cm diameter
brass. : ‘ S

Sensor. Date Inst Xu Xd d  SWT . dib A " Remarks
No. DA /MO/YR cm cm  cm cm cm cmE'
405 24/08/78 -0.50 1.09 0.75:1.42 5.81 19.6
406 - 24/88/78 -0.50 1.00 1.00 1.42 5.81 19.6
407 . 24/08/78 -0.50 0.99 1.25 1.42°5.81" 19.6 Cracked sensor
. 408 24/08/78 -0.53 1.01 1.50 1.42 5.81 In heartwood
409 24/08/78 ~-0.50 1.00 0.75 1.19 4.80 '13.5 . -
410- . 24/08/18 -<0.50 0.991.00 1.19 4.80. 13.5 SRS
411 24/08/78 -0.50 0.97 1.25 1.19 4.80 . In heartwood
412 24/08/78 -0.46 1.00 1.50 1.19 4.80 In heartwood
413 24/08/78  -0.50 1.000.75 1.08 4.87 12.9 ‘ :
414 24/08/78 -~0.50 0.99 1.00 1.08 4.87 12.9 o -
- 415 24/08/78 «~0.50 1.00 1.25 1.08 4.87 In heartwood
. 416 24/08/78 ~-0.42 1.00.1.50 1.08 4.87 : In heartwood g

4
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Table 29. Sample raw and corrected HPVT data, whité‘gpfﬁce'tree PG1.
. " DATE  PERIOD TR(WLY RAW BPVT ca/h HPVC(0.20) cm/h
. DA/MO/YR h-h _g/h 109 110 113 114 7109 110 113 114 -
(30/06/78 09-13 65 . 1.9 2.1 2.0, 3.7 3.3 ‘3.6 3.4 6.1
13-17 40 1.8 1.8 1.5.°3.1. 3.2 3.2 2.7 5.1
17-21- 44" 1.8 1.6 * 2,0 . 2.8 3.2 2.9 3.4 4.6
01/07/78 09-13 103 4:2 4.4 5.8 59 6.9 ‘7ﬂz 9.7 9.9
13-17 62 4.0 4.5 6.1-75.6 6.5 . 7.4 10.3 9.4
17-21° 84 3.7 4.2 5.5 5.3 6.1 6.9 9.2 g8
- 02/07/78 09-13 92 5.0 5.2 6.1 .6.0 8.3 8.6 10.3 10.19
13717133 5.3 6.1 7.6 6.3 8.8 10.3 13.3 10.7
, Ci7-21 ‘113 5.0 5.9 7.6 6.3 8.3 9.9 13.3 10.7
’Samplé transpirationécalculafibns o L » - L l'

09-13 h, 30/06/78, sap flux coeff1c1ent = 0. 44(0 33 + O 88) = 0. 53

TR(OO) = (1 9x27 5 + 2 1X25. 6 + 2.0X15. 6 + 3. 7x15 6)(0 53)/4 =
' - 25.8 L .

TR(20) = (3.3X27.5 + 3.6X25.6 + 3. 4x15.6 + 6,1x15,6)(o.53)¢4 =
43.9 - , ' e
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Table 30. Sample raw aqd‘correetéd HPVT data, white spruce tree PG2.

. DATE - PERIOD TR(WL) RAW. HPVTl cm/h N Hva(o.zo) cm/h
DA/MO/YR b-h _g/h - 201 202 207 . 208 201 - 202 207 208

30/06/78 09-13 62 3.2 2.5 4.3 6.7 5.3 ‘4.2 7.1 115
13-17 57 2.4 - 1.8 3.4 4.6 4.0 3.2 5.6 7.6

S 17-21 61 2.4 1.5 2.9 3.6 4.0 2.7° 4.8 5.9

' oL : T | L »

‘701/07[78:09413 .90 -T4.4 3.3 5.8 8.6 7.2 5.4 9.7 15.4

i 13-17 - 95 . 4.6 ..3.0 5.7 9.4 7.6 °-4.9 95 17.2

17-21 104 . 3.9 2.8 5.3 9.3 6.4 4.6 - 8.8 17.0

v 03/07/78 09-13 - 96 5.4 4.1 7.0.,\11 2 9,0 6.7 12.1 21.6

' S 13-17 146 5.6 4.6 6.9 -'11.2 - 9.4 U 7.6 11,9 21.6
17-21 123 5.4 4.8 7.0 11.2 90 7.9 12.1 21.6

Sambie trahspirdtion chiculatiéns.
- 09-13 h 30/06/78, sap flux coeff1c1ent = 0.48(0. 33 +1.05) = 0. - 66,

TR(00) = (3.2X21.3 +. z 5x17 s + 4. 3X11. 9 + 6.7X10. -8)(0.66)/4 =
S . 39.0 o

€5.3x21. 3 + 4 2X17 8 + 7.1X11.9 + 11,5X10. 8)(0 66)/4

" TR(20)
. = 65.4
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Table~3}1, Sample raw and correcte&'HPVT data, whlte spruce tree PG3. L

DATE  _ PERIOD _ TRGL) 5 AW WPVI calh —
DA/MO/YR START “END ' _.g/h 305 306}, 307 - 309 310 313 314
127/.08/78 0830 2400 C 201, 4.3 8.27 6.0 48 8.3 4.5
28/08/78 0000 " 0830 54 -.1" 2.9 - 4.0 2.2 2.9 40 2.6
02/09/78 os3ov.‘2aoo C3.1 4.9 102 7.E 5.9 10.3 5.3 B
03/09/78 0000 0830 . 66 - 0,2 3.0 4.5 2.4 3.0 - 2.9 2.8
03/09/78 0830 2400  3.1. 5.3 1l.00 1.3. 6.2 11.0 5.5
04/09/78 0000 °0830 = 65 1.9 3.3 - 6.6 4.1° 4.6 5.3 2.6
*  Values less than 2. 0 cm/h solved by 1terat1ve procedure in HPV,

.91, uslng ratlos of (Tu - Td)60/(Tu )120 and (Tu-% 120/(Tu{>’,l
- Td) w1th Tu, Td deflned at. 60, 120 and 180 s by Equatxon 3, L
‘P. 190 el . tom S )
Jp : ' @ R - ) .*‘ .
T DATE PERIOD TR(Wl)/ . WPVC(0.20) ca/h e
" DA/MO/YR START END _gjh 305,306 307 309 310" 313 314
27/08/78 0830 2400 BV 1. 1446 10.1 7.9 " 14.8 7.4
28/08/78 0000 . 0830 54 0.7 4.8 6.5 3.7 4.8 6.7 4.3
oz/o9/i3'083o_~ 200 .- 5.1 8.1 19.1 12.3 9.9 19.4 8.8
03/09/78 0000 : 0830 * 66 .1.0 4.9 7.4, 4.0 4.9 4.8 4.6
03/09/78 0830 2400 . : 5.1 8.8 221.1 12.7 10.5 - 21.10 9.2
04/09/78 0000 0830 65 - 3.3 5.4 11.3 6.7 7.6 . 8.8 4. 3

Sample transplratlon calculatlon

0830 - 2400, 27/08/78, sap flux coeff1c1eﬂt = 0. 45(0 334 1. oor' .
- ‘ A - ‘= 0,60 : -
TR(00) = (2 24 4.3+ 8.2)(15. 4) + (6 0+ 4 8)(12 4) + (8 3+ .

4.5)(12.0) . (0. 60)/7 = 43 9

¥ .

Y UTR(20) = (3.6.4 7.1+ T4.6)(15.4) + (10.1 + 7_.9)(-1'2.4'.) + (1.8

7. 4)(12 0) (o. 60)[7 = 75.4

+

3

& ' n




. Table 32 Sample taw and corrected HPVT data,

white spruce tree PG4

s DATE
DA/MO/YR

PERIOD
START END’ ’g/h

l TR(WL) RAw HPVT cm/h

‘;=gtv,‘?-f}:ﬂ127/osl7s
2. 28/08/78

gf:g02/09/78
- 1.03/09/78

S oarosyzs os

0000 {0830;
0830 ° - 2400
0000 0830,

:ié@bd'f

00000830,

E%f;‘~ Td)

:ED ¥ Ualng ratlos of (Tu - Td) /(Tu"
R '"~w1ﬁh Tu, Td deflned at 60,
'ff i 19.;, ;1J; n | S

d)lzo and (Tu?

el

X

)120/(Tu q : . ,
120 and 180 8 by'Equatlon 3

T DATE

x __Jﬂﬂﬁﬂﬂl__
-::DA/MO/YR START

npvc(o 20) cm/h T

TR(WL) T

~*,?,,;;ﬂff.;oz/09/7s 0830

;124QOT.

1 347127/08178 0830 " 2400 o D 6.2 1249

28/08/78, oooo,’

koo o igs el
‘j03/09/78 oooo¢;, PR O

2500

03/09/78 830 . 2400
0830 80 .

‘f'oa o9/7s OOOOf“

_sih_ ;Aosﬁﬁ_i,,,. 409 410

EERIRCRE

8830 - .9

413

‘{Sample transplratlon calculatlon e

08305-

Tﬁiﬁéf;

rkxéo)

400, 27/ 8/

= (6 2+ 1zf9>(19 6) + 1509 +
T 12‘5)(12

......

(3. 8 +(7 4)(19 6) + (8 8\+ 5 2)(13 5) * (5 O +‘q:;”
'2) (0 53)/6 = 50! 0 L |

/,',_ B _.‘.:... . S . ‘
8 6)(13 5) + (3 3 +

(0.53)/6 = 86 O




APPENDIX n o o

BIRCH AND POPLAR POTOMETER EXPERIHENTS
¥

-

"’ Foliage .

T | Hev probes

s menl rl*?‘ov'ls_pdd_;_ ' .
Grududhd ___._.._--
. § : supply cyhnder '
o ‘:_ §*. .

[210 16 even

o

- ‘ . R . . o . h
LY LA LR N AR YR, TTTT T T[T

: ﬁum wuhr -
supph c_ﬁ_

R SEAPI i

g
BN
i

N
{:
b

a

;'Fighre‘ ’4"8 Sketch of /potomet:er, phys1ca1 placement of HPV probes R
iand’ means- of determining water: uptake.. Uptake could have been deter—
‘mined’ d1rect:1y from,:g’aduatlons -on the main supply cyllnder if call--'
brgted for each. different 'stem volume,
.- the .witer needed ‘to. restare ‘the. or:tg:ma.l level

.- With the arrangeme‘nt ‘show

-the main - supply

’ jc__yli}_ngezf-"wa's;'j_‘;‘e@‘dv. from::he gra’d»ua’ted: cyl:mder, aproxnnately 28 mL/ cml.

PN . .
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Table 33., Schedule of events, handwood potometere.“

3“118“ day " Date = T -AcFiv1ty B NN
. 1981 . DA/MO/YRT~"'- Tt T T e
SRS TS WU ¢, VAN -~ 3
098 - 08/04/81_to 24/04/81 j \i" A o
R . Cut dormant blrch .and poplars. Placed in cold
‘room . BOO9-2 at 2. 5 oC, total darkness. '

o IIEh »" 28/64/8lfisthrted test of 1eaf out procedure on!oﬂe birch ‘
‘ N fand one poplar. Moved items into . chamber at
'25 C 11ghts 170 W m &PhAR), 0900 —»0300.

124 . 04/05/81 “Both test stems fully leafed out.
126 06/05/81 to 14/05/81 . -
:'-_. o : Tr1a1 stem freezlng, etc., w1th leafed out stema.

134 .14105781_ Tree BPI into warm chamber for leif out.

142 . -.:22/65/81 BP1 fully leafed out, instrimented . with Teflon
T ' HPV sensors . 2101 - 2116 (Table 34) :

IR

.1.‘
%
te

143 23/05/81 to 29/05/81 '
: o _ Pre—freez1ng HPV TR, treé BPl; chamber cond1t1ons
AT = 25 C RH aproxlmately 402, LI 170 W m 2
(EbAR), 0900 - 2100, dark 2100 = o9oo.i o

149 T-,é9/o$/si‘ Stem freezlng treatment ‘tree BP1, 0850 - 2200.‘
150 30/05/81 'to 02/06/81 - )
: " Post. freez1ng HPV TR, tree BPl.

,153 02/O6/81 Tree BP2 brought 1nto warm chamber for leaf
.".\ . ‘« Out ' . . S : . ) :
160 - 09/06/81 Tree sz fully leafed ou:.;,r,-“ffﬁ;ﬁ,_:r f". e

161 - 10/06/@17;1. Installed HPV. senso
... . BP2, (Table 35), ii .-

2 Sect1oned ‘tree BPl to get Mgw, Waund data.

'5,"3.,Br0ught:tree PTl 1nto warm dhamber for leaf

- ;réifj‘f311/né/ef to 13/06/81 e SR -
v g LR e Pre-freez1ng HPV TR, tree BPZ, chamber condltxon& T
e R ... as for tree BPl. . - : e L

';;¥§4.r 1513/06)81 Stem fr:ezlng treatment tree BPZ.g”*"f:.'AJ:




" Table 33. Continued.

165

" 168

‘168
170,
171

177

- 180

. 181

184

192

Y

' 14/06/81

17/06/81

' 17/06/81: to.

19/06/81 s

120/06/81

r 35766/81

27/06/81
' - same as tree BPl. .
"29/06/81

*30/65/31

-

03/.07/81

11/07/81"

N

" END OoF poromzrsﬁ EXPERIMENTS .

. 8ame as tree BPl. :

to 29/06/81

st 252

f»\.
Co L .
to 16/06/81 ' o
: Post free21ng HPV TR data, tree BP2.. -
_ 1. Instrument tree PTI w1th sensors 1101 - 1116
(Table 36). Q.
2. Séction tree BP2 to ascerta1n.Mgw, W.,- , ot

3. Bring tree PT2 in to warm chamber for leaf
out.. :

to- 19/06/81

Pre—freezlng HPV, TR, tree PTl, chamber condltlons

/-

Stem freez1ng treatment tree PTl, 12004- 2200.

to 23/06/81 s
Post freezlng HPV TR, tree PTl.

1. Sect1on tree PTl to ascerta1n Mgw ‘and W.

© 2. Instrument tree PTZ wlth sensors 1201 = 1216

(Table '37)..
3. Brlng tree BP3 into warm chamber for leaf

' out, - : . _— » .

Pre—freez1né HPV, TR, tree PT2 ehsmber.eonditiOns;;'

Stem freez1ng treatment tree PT2 0800 - 1700.

to 03/07/81 .,] - L .:.

"Post fregzlng HPV TR, tree PT2

Secured- tree PT2 experlment, sectloned stem '

4'to obtaln Mgw and wound‘

‘No s1gn of leaves on tree BP3. Stems apparently'_i

':‘drled out while in the eold room. No further

‘potometer ‘Tuns attempted



2101
'2102
. 2104

2106

2112

2114
- 2115

it

Table 34.
. Sensors. were 0.16 cm’ diameter Teflon with glass bead thermistor
' was 0.16 cm diameter brass. Installed 22 May 1981.

_above freeze block, even numbered sensors below.

253

HPV instrumentation installed in birch"potbwetégAtrée BP1.

j ‘heater
0dd numbered- sensors.

SENSOR _ Xu

No,  cm

TXd

- cm)

0
E .

d

SWT

—aib

—

“cm a -

2103

2105

2107
2108

2109
2110
2111

2113

2116

~0.50"
-0.50
-0.50
- -0.46

<0.50
. =0.49
-0.49 .
~0.47

-0.49
-0.44
~0.49°
-0.50

-0.49
<0.47
~0.48

1.01

10.91
1.00
1.00

o. 96

0.98
0.97 .

0.99

1 0.99
1.01

'h-F-c4:;f

LW Wos o

1.00
1.02
0.96 .
1.00 .

o

OO

-0 O

. .

W 0 0o W

W 00 0 W

v

s

11.05

9
0
9 .9.37"
0

2.53

j'L.sé
- 11.05
9.37

11,05

9.37

1.58

2.53
9.37
i Y.58 ¢

. -11.05
- 1,58
2.53

0.32 -,306
0.30 -.261
0.40

0,36 -.306
10.30 -.261
+0.30 -.292
0,28 .-.211:

0.36'" =.297

10.20 -.261
0.40 -.306

0.25" -.211

\

0:24 . -.292
0.23 -.261-
030 - ~,306 "
0.26. =.211

b ,.'cf

1.890
1,173
‘-,292"
0.26 -.211

1.202
1.651

©1.890
. 1.651

1.202
1.651 -.021

1.890 -.024

.02
-.007 -
-.008

W ._POSITION EQUATION

1.173 - -,007 ~

1.202
1.173

-.021
1.202
1.

i‘ -

1

. _0008 >
-.021

2 -.008
178 -.007
.89) .-.024

-:021 -

yAVerageﬂﬁqundhwidth =

o

%

&

- .‘_0,0,8 -
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e Tablé 35, HPV instrumenﬁatignIiﬁstalledfih*bifch.potbmetér tree BP2.-

Sensors Wére.OL16vcmﬂdiameter-Téfloﬂ with glass bead fhermistor;fheqterL

~ was .0.16 cm diameter brass. Installed 10 June 1981. 0dd numbered
- sensors above freeze block, -even numberéd sensors below.
'SENSOR - “Xu ‘Xd - d-- sWT T dib Aaz-‘__ WY 'rosir-“n-on EQUATION
No . cm cm cm - cm. cm cm’ cm . a 5 b . ¢

2201 ©-0.47 0.96 0.8 1.42 3.96 9,60 0.24. -.273 1.190 -,007
2202 -0.47 0.96 0.8 1.40 4.32  10.79 0,23 '-<.273 1.190 -.007
©2203  -0.93 0.98 0.8 :1.42 3.96 9,60 0.20 '-.074 1.192 ' -.008
2204 -0.96 .0.91 0.8 1.40 4.32 10:79 0.32 =074 1.192 -.004 :

75 0.20 -.251 1.765 -.023
06 0.20, -.251 1.765 ~.023
75 0.25 0.014 1.551 '0.001
06 0.24. .0;014 ‘1.551 .0.001

'2205  <0.50 0.94 . 1.
1

2208 ©.-0.92 0.96

9,60 0.22 -.273 1,190 . -.007

2209°  -0.49 0.99 6 0. | 07 -
6
2

0
£ 22100 '<0.49 0.96 0
2211 -0.96 0.97 " 0.
2212 ~0.93" 0.95 . 0

Pt ot ot et
. 3

£§5558
N O

9.60°0.21 =-.074 1.192 -.004
. 10.79° - 0.20 -.074 \1.192. -.004

1.75 0.20 -.251 1.765 ~-.023

2213 -0.49 0.93 M 6. , ‘ 5 - .
.32 ° 2,06 0.30 -1251 1.765 -.023
6

2

1
2214 - -0.50 0.91 1
1
1

[ I )
PR
T ONON

.2215 *-0.98 0.96 -

- 1.757 0,28 . 0,014 1.55% -0.001
2216 -0.91 0.97 o

©12.06 '0.20° "0.014 1.551 0.001

}-,-a.—a'-‘
Y

AQer&gé'wqgnJAWidchvéi_p

o
(]

N

e
8

e




. Table 36.. HPV' instrumentation installed in poplar, potometer ‘tree = . |
“'PTl.  Sensors were 0.16 cm diameter Teflon with glass bead. thermistor;"
~_ heater was 0.16 co diameter brass:’ Installed .17 June 1981." 0dd numbered =
. sensors. above freeze block, even?numbefed~sénsora?Below._». : '

| SENSOR  Xu X & SWr dib A, W  PosTTIoN EQUATION-

‘No cm.  em° o.cm . em.  em . cm® S cm. . Y& b e . NI

C =777 1.704 =.020
-.654  1.422 ~-.016. : e
.0.044" 1.468 0.018 = o
0.022 * 1.320 ' 0.004 E

0,95 3,42 - 2
1.18 3.88 3
0.95:. 3,42 - 2:
1.18 3.88 ' 3

... 1ot -0.50 0.92 o0
00 11027 --0.50  0.92 0
1103 -0.95 0.95 o,
1104 "-0.95 0.97 0

Ll L]
N W RN

‘00 ™ oo o
seoso

-:549 ‘1,271 -.010 . . i

=2460 .°1:191° =003 & 0 . Y
0.012. 1.221 -.001 -‘

74020 1.148 ~,001.

0.95 3.42  4.96
1.18 3.88. ° 5.74 .
0,95 3.42°7 4.96"

1.18 '3.88 5,74

-, 1105 - -0.45 0.99 0
-~ 1106 -0.51 0.91 .0
- 1107 -0.97 0.95 0
1108 =0.98. 0.91 0

WWww -
cooo
NN NN

CwNo S

- 0.95 3.42  2.04' 0,23 -.777 1.704 -.020
1.18 '3.88  3.22 0.22.-,654 1.422 -gbl6
+0.95  3.42 | 2:04 0.24 0.044 1.468 0018
1.1 3.88 "3.22 0.23 0.022 '1;320,.o,oo§

© 1109 -0.46 0.99 0
1110 -0.46 0.98 .0
1111, -0.94 :0.98 0.
1112 -0.95 " S0

&E{g

5.

1113, "-0.46 : 1
1114° -0.49 097 1
1

1

. 0.95 3.42 == = -0.22  In-Heartwood ';/ e
1.18 3.88 " -~ . 0.25" In heartwood ' " - .~ . |
0.95 3.42 --- ' 0.26 .In heartwood . N

"1.18 3.88 -~ . 0.22 ‘In‘heartwood”_/ T

';»'Avefage wound-Width = 0.23 em . . S o . ' ok

1115.°.-0.99 0.95

b - . L .
PP we ooe®

~
-
a
a
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) -,y ~Table 37, HPV: 1nstrumentat10n 1nstalled in poplar potometer t:ree '
L ‘5 PT2. Sensors were 0.16 cm d1ameter Teflon with: glass bead therm:.stot' ' o
" - heater was 0.16 cm ‘diameter brass.. Installed 26 June 1981. 0dd numbered
. sensors above freeze block even -numbered sensors below. T

SENSOR Ko R RIS Aiw' W _POSITION EQUATION™
st .. No- , cg' . em em cm- cm - cm cm a . b ¢ ')_
12010 -0.500 0.95 0.3 1.20 4.55°3.69  —  -.417 -1.159 0.002
7, 1202 -0.49 0,96 0.3 1.06 4.95 '4.04 0.26 -.417 1.159 . 0.002
203 -0.99 0.9 0.3 1.20 4.55. 3.69 - -l014.1.108 0.001
F204. -0.96 0.98 0.3 1.06 4.95 4.04 0.30 -.014 I. 108 . 0.001
1205 -0.50 0.95 0.6 1.20 4.55° 2.94° 0.36 -.461 1.214 -.006
1206 -0.50 0.96 0.6 1.06 4.95 3.26 0.20 -.46] 1.214 —.006
S 1200 -0.96 0.98 0.6 1.20 4.55 2.9 0.28 -.014 1.175 --.o01
1208 -0.95 0.98° 0.6 1.06 4.95 3.26 ~0.20" ~.014 1.175 ~.00
12097 -0.45° 0.91 0.8 1.20 4.55 3.68 10.26.-.565 1.301 -.0i2
1210 ~0.50 0.97 0.8 1.06 4.95 5.66 0.20 -.565 1.301 -.012
(1211 7 -0.95 0.94 0.8 1.20 4.55 3.68 0.30 0.006 1.251 -.001
- 1212 0693 0.99 0.8 1.06 4.95 5.6 0.30 0.006 1.251 =000
ko | Lz13* -0.50 0.99 1.3 1.20 4.55 ==  0.20  “In hearcwbod‘
L 1214 -0.50 T0.94 1.3 1.06 4.95 —  0.30 1o heartwood
1215 -0.98 .0.97. 1.3 1.20 4.55 -~ 0.0 . In heartwood =
1216 -0.91.0.99 1.3 '1.06 4.95 -~ 0.20  In heartwood .
t E LN T . . f . ) L ,» - X .

. ’ Average wound w1dth = 0. 25 .cm - : :
A Average wound width for sensors in sapwood > .0.27 cm
' ' Wound markg\d -—, acc1dent1y m1ssed measurement.

A R PR T

= et -
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 TéB1e 38.‘Sampie‘daté Efee_BPl;ISensor 2105, at 0.8 ém depth, W =
 0.40 cm. Longitudinal diffusivity and moisture content at up and down-
stream sensors, raw HPV (HPVA or HPVS, HPVM), that corrected for wound i
only (40), wound ‘plus position (40P) and actual transpiration as mea- . S
sured by pétmﬂeter uptake’ (TR)., ERRE ' C e ‘ : : i
. DATE . ‘Downstresm ""U'pstre'am "HPV_'ém/h - . _TR
T oamo/R _m b Mgy b' Mgw meva (40) (40P) HPVM _ulL/h
26/05/81 1200 .00221 0.61 .00195 0.82 1.1 3.1 3.4 16.2 -
; ~ 1400, .00218 0.63 .00213.0,67 1.5 4.1 4.5 13,7 21
| 1600 .00246 0.47 .00256 0.42 1.5 4.1 4.5 4.5
28/05/81 0800 .00243 0.48 .00244 0.48 = 0.0 0.7 0.5 10.7 . 26
© ) 1000 .00224 0.59  .00316 0.23 3.3 8.7 9.6 12.7
" 1100 .90224 0.59 .00316 0.23 3.3 8.7 9.6  12.7 . 55
29/05/81 .Freezvi'hg't_rea-’tmex.xt, no HPV data . . :
30/05/81 0600 ".00234 0.53 .00262 0.40 '~2.0 . -3.1 4.1 15.7 A
0800 .00240 0.50 .00250 0.45 =-2.8..-4.4 -5.8 15.0
71000 .00250 Q.45 .00373.0.12 0.2 1.1 1.0 9.7 4 )
; 7. 1200 .00239 0.50- .00312 0.24 -2.1 -3.3 ~4.4 15.1 - :
- . ‘ e RS ‘ ) A X
o 1400 .00245 0.47 .00275 0.35. -1.3 .-;.gg ~2.6 - 12.8 %
- 1600 .00233.0.53 " .00292 < =l.1 -I1.5--2.1  14.3
o 1800 = .00244 0.48 00288 =1.7 -2.6 -=3.5 13.0
2000 .00234 0.53 0026 -1.9 ' -3.0° -3.9 16.1
t . 2400 .00237 0.52 . 0024 -1.9 -3.0 -3,9 .14.7ﬁ<$é,/
{ . »‘t ) v : ‘
N ' \ ; . . S :
1 N - | B " &
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Table. 39. Sample data tree BP2, Sensor _'2:2’03, at 0.8 cm depth, W = -
. 0.40 cm. Longitudinal diffusivity and moisture content ‘at-‘up and down-

. stream sensors, raw HPV (HPVA or HPVS, HPVM), that corrected for wound
only (20), wound plus position ) (20p) and-dactual transpiration as mea-
sured by’potometer uptake (TR). . e : Co '

. DATE ‘ Dov'mst'x:eam‘ :"tvU‘ps'treain . HpPV ‘cm/h . a . TR.
DA/MO/YR _h bl wMgw _ p! Mgy HPVA (20) (20P) HPVM mi/h
'12/06/81 0000 .00276 0.35  .00278 0.34 1.9 3.1 3.6 .12.8
o 0200 .00260 0.41 .00271 0.36 1.3 .2.1 2.5 - 0.9

0400 .00239 0.50 .00223.0.60 0.8 1.3 - 1.5 11.9
0600 .00224 0.59 .00196 0.81 0.8 1.3 1.5 16.2
0800 .00227 0.57 .00216 0.64 0.4 0.7. 0.8 12.1 16
1000 .00234 -0.53 .00260 0.40 1.4 2.3 2.7 15.9 10 .
12Q0° .00231 0.54 .00239 0.50 0.8 1.3 1.5 16.6 '
1400 ..00252 0.44 - .00292 0.29 2.4 4.0 . 4.6 12.3. 17
1600 .00210 0.69 " .00525 0.43 3.9 - 6.7 7.7 21.2 ’
- 19060 .00202 0.75 .00192 0.85. 6.6 12.0 13;7 . 26,2 - 46
2000 .00219 0.62 .00302 0.26 = 5.1 ‘9.0 10.3 18.6 - 52
2200 .00205'0.73 00271 0.36 5.3 9.4 10.8 %20,6” 52
2400 .;00213,0:67 +00284 0.32. 7f0 129 14,7 20.1 .
13/06/81 ! Stem freezing. ‘t“_r'eatment, no HPV data ;'
14/06/81 0000 .00209'0.70: .00212.0.68 1.2 2.0 2.3 « 18.6
: 0200 .00214 0.66 - .00231 0.55 0.7 1.2 1.3 . 19.6
0400 .00227 0.57 .00225 0.58 0.7 l,? L3 14,9 o
1000 .00246 0.47 .00242 0.49° 0.4 0.7 0.8 7.5 9
1100°..00226 0.58 ' .00234 0.53° 0.4 .0.7 <0.8 17.6 -
1400 .00244 0.48 00240 0.50 0.9 1.5 1.7 14.9 8
1600 00240 0.50' .00245 0.47 0.3 0.6 0.6 14.9 4
2800°..00225 0.58 ".00236 0.52° 0.0 0.1 0.1 16.4 8
2000 .00215 0.65,..+00211 0.68 'fO.l 0.0 -0.1} '20;4 e
2200 °.00245 0.47° .00239 0.50 0.1 0.3 0.2 42.9 .. ..
. 2400_ .00269‘0;41 'f00262'0'39 -0.5 f076 -0.8 . 17.1 :” ‘*

Py o4 .




-  Table 40. Sample data tree PT1, sensor 1107
' 0.22 cm, Longitudinal diffusivit
stream sensors, raw HPV (HPVA or.
only (22), wound plus position (2

T A T T WA AL oA it

[

, at 0.3. cm depth, W = |,

'y and moistire content at up and down-
HPVS, HPVM), that corrected for wound
2p). and actual transpiration as mea-

. 259' 

sured by potometer uptake (TR)

4,‘>'5; DArE' ‘Downstream 'Upsf}eam.”i?' ;'.HPV éﬁyh . _ . TR
U DA/MO/YR b - Dl Mgy Mgw HPVA (22) (22p) ‘HPVM _mL/h
B 18/06/81 0800 00190 0.88- .00209 0.70 - 1.6? 2.8 - 3.4 .7.7. 28
) S 1000 .00187°0.91 .00208 0.70 1.5 2.6 3.2 9.9 ° 30
. 7.+ 1200" .00183 0.96 . .00208 0.70 3.6 6.5 7.8 13.9
@ - 1500 .0018L 0.99 .00207° 0.71° 4.1 7.4 9.0 14, .65
. : 1600 .00178.1.02 .00190 0.88 4.6 8.5 10.3 16.6\ o
1800 f 00178 1.03 ".00196 0.81 4.6 8.5 10.3 17.0] ‘82
2000 ~,00186 0.92 .00203 0.75 5.0 -9.3 11.3 - 14.5] . :
$2200 .00180 1.00 .00196 0.81 4.8 8.9 10.8 . 16.2/ 81  »
19/06/81 0000 .00190 0.87 '.00Z13.6.66 = 3.1 5.5 6.7 1i.8
. - 0200 .00192 0:86 :*.00226 0:58 2.64 4.6 5.6 10.4
0400 ..00190 0.88 .00212 0.68 2.5% 4.4 ‘5.3 10.3
0600 ~.00187 0.91 .00206 0.72 2.4 ' 4.2 5.1 11.4 |
0800 .00176 1.06. .00181 0.98 6.1 11.7 14.1 20.2 50
19/06/81 1200 to 2206,—§tem ffeeziﬁé'tfeatment,“po HPV data .
1 20/06/81 0800 " .00213 0.67 .00239°0.50 -0.1 0.0 0.0 17.3 - 22
- 1000 .00219 0.62 .00235 0.53 0.8 1.4 1.7 14.8 i
1200 .0p214 0.66 .00233.0.53 0.3 0.6 0.7 15.8 . 20
1400 .00224 0.59 * .00240°0.50 0.4 0.8 0.9 -13.6 . |
1600 " 00223 0.60 .00234 0.53 0.2 0.4 . 0.5 . 14.5 20
22/06/81 0800 «.00218 0.63 ' .00220 0.62 -0.4 “3%s -o0.5 15.1 8
L - ' 1000 ".00222 0.60 .00235 0.52 -0.4 ~0.5.=0.6-" "12.
Coe 1200"¢.00223 0.59 .00231 0.55 0.3 ~0.3 " -0.4 - 12.8
: 1400~ .00225 0.58 00233 0.54 . ~9.8 -1.1 -1.3 13.2 4
© 1600 .00223 0.59: .00231 0.55 -0.6 -0.8 -1.0. 13.0
— o - N
'S - a . :
’ Ve o . .
} .
N ) N .
. L] &

D SO TSR
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' Table 41. Sample data tree P2, gensor 1207, at 0.6 cm depth, W = |
- 0.28 -cm. Longitudinal diffusivity and moisture content at up and down- , o
‘stream sensors, raw HPV. (HPVA or HPVS, HPVM); that corrected for wound
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-

only (28), wound plus positioh_(ZBP).andléctualitfénspiration.as mea=-
sured by potometer tuptake (TR). ' C . ‘

-

DATE ' D&antfeam f Uﬁstream - . HPV cm/h ' '»"TR ‘
DA/MO/YR _h . _ D' Mgw _ D! Mgw mHPVA (28) (268) HPVM mi/n

27/06/81 1000 .00202 0.75 .00217 0.63 9.5 24.4 28.0 7160 57
~ 71200 .00209 0.70 _:00228 0.56 .11.0 30.7 35.1. 18.0 .
1400 .00219 0.62 .00246 0.47 12.7- 39.1 44.2 19.1 100
1600 .00214°0.66 .00758:0.41 12.9 40.1 45.4  21.5 109
1800 .00215 0.65: .00234 0.53 12.4 37.5  42.5 20.6 120 -
2000 .00219 0.62 .00243 0,48 12.1 36.0. 40.8 19.4 ‘116 Lo &
2200°.'.00219-0.62 .00236 0.52 5.6 12.4 14.4  11.3- 52 EERE

. A L ) ) I’ o :
28/06/81 0000 .00210 0.69 .00229 0.56 ' 4.1 879 10.3  10.8 _ i
. 0200 .00226 0.58 .00222 0.61 3.6 7.6 8.9 7.2 g
: ‘0400 .00233 0.54 .00246 0.47 4.2 9.1 10.6 9.7 - t
* 0600 ' .00225 0.58 .00226 0.58 3.8 8.1 9.5 ~ 2.8
' 0800 .00214 0.66 .00204 0.74 3.9 8.4, 9.8  10.0 33
1000 .00230 0.55..00233 0.54 14.7_ 50.5 56.5 '20.9 66 °
29/06/81 Stem freezing treatment, no HPV data .
30/06/81 1000 .002I0 0.69 .00222 0.60 4.5. 9.9 11.5 12.2 '35 s
o 11200°..00213 0.66 .00236 0.52. 7.6 17.7 20.5 -14.9
1400 .00217 Q.64 .00225 0.58 - 7.7 18.1 .20.8 15.1 ~ .
1600 .00215 0.65 .00218 0.63 8.6 21.1 24.2  16.4 70 3
11800 - .00221 0.61 .00232 0.54 8.9 22.1 25.4 6.3 ‘
2000 .00220 0.61 .00225 0.58 8.2\\19.7; 22,7 15.6 19 ~ .
y -y 2200 .00226 0.58 .00234 Z};;;.~3.9 .\gfq 9.8 10.4 56
-~01/o)>81 0000 .00212 0.67 .00223 0.59 2.7 5 6.5 9.2 o
0200 -.00220" 0.61" .00218 0.63 ‘2.3;<,4;7f\f5;5 .7 6.3 A
0400 .00205-0.73° .00212 0.67 1.8 "3.6 ‘4.2 7.7 /\\ _
. 0600 .00208 0.71. .00218 0.63 2.0 " 4.0 4.7 9.3 S
080D . .002p1 0.68- .00216.0:64 2.2 4.5 5.4 . 6.6 . - - . o
- 1000 ..00221 0.61 .00229-0.56 . 9.4 24.0 27.6 17.5 28 . R
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HEAT PULSE VELOCITY INSTRUMENTATION

s -

Sensor and heater construct1on and thermal propert1es

The general detalls Qf sensor and heater constructlon are shown
4

in F1gures 49 and 50.‘ The thermlstors were not matched res1stance

g .
as on1y<the-offset above amblent temperature is requ1red, and- that

'
A\ .

in arbltrary unlts.'
The derlved thermal propertles that were used 1n the s1mulat10ns

are g1ven in Table 42. The sensors and heater were considered to

-

be 1sotrop1c w1th1n themselves, w1th the same cpnduct1v1ty in all .

directions. K ) - '. BT o . \\\\ R

. '.\ N
) S \,\\\

o . ) : SR . )

.'Table 42. Thermal prqpert1es ofzmatetlals used in s1mulat1ng the sensor
-materials. The thermal properties, of all materials (excéept Teflon) - L
are from Carslaw and Jaeger (1959); Teflon from Modern Phpst1cs Encyclo~

pedla, 13%8 Volume 45, .No. 14A. p. 90. , et . .
T SUBSTANCE 2 S S "¢ . "D
' . o o -
. . : L _391,s‘l‘c -1 ¢ —l _EeCm -3 cal ﬂl oc-l cin? §—1
Air . 50006 © - . - L0013 " .24; .19
Teflon .- .0006 2.2 2s 0011
Glass L L .0028 2.4 g3 .. .0058 .
Aluminum v - .48 2,7 0.2 . .86
Brass ’ 13 85 ol .33
. Copper . .93t 89 09 L 104
. hGlass composite *% T =.03 0 s 2.7 T2 + - 055
- Teflon comp031te I '.024. ,-y‘154 a1 024
o ?" “Glass composlte l 4 OZ copper 9%6% g glaas '
*h Teflon camp031te, ZLSZ copper 521 Teflon 45 52 ajir
+ . L
‘ . ;
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e 7 ) ‘ . . -
'\u\: .(\’ . - g L. L
: ! . Thermistor Bead v
b . o . . ' . . ' . I . o
-~ Completed 'Dia. After Gloss Probe . S
] Heat 1Sh?|nli'tnq‘ 716" _ ‘ e .
N (l.59\r‘nm). Lo Y ead Wires '
o o : .
_-" ) No. 28 Teflon ‘Tubing Around C
a One. Leod erc : . o
s » S : T ‘_‘The'rmis‘td.r' b'.ead e
1716° Heat Shrinkoble Tublng . . ' .
A —No. 40 coppgf wires
\, ¢ ’ . .o . » . . o
. ~Insulated Leads To Connection Block |
I T ‘ o No 28 Teﬂon tubmg oround
‘ one lead w:u g
) l/lé (. 59 mm) dnometor heot
: shrinkable Iubmg
. (b)
No. 22 leod wires to coan-ch& block
L ' ’ ——
~ No. 22 leod wires’ e
to connection block L
o ‘No. 34 copper | Iead . S . S
E : W‘f. : ".. ,;‘ L 2 )
& : ' ‘
' 1/16 ‘J 59mm) dmmehr
bross ?ubmg . ‘
. : C W
.. - No 28 Teflo'n - fubmg N R
. O
-..Thermnstor bead f '-.- R ) s !
Y _" ) . . . . ‘.I‘-"‘L c. L
¢ ' Figure 49, Co,rrs/tructmn detalls -of thgrmlstor sensora. La) 'Glass e
~rod, thermlstor Fenwall type. GB4IM2. (b) Teflon, thernust}?r Fenwall
type GBélJl. (c) Brass, themlstor Femzall type GB41L1 -
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No. 28 Nichrome Wire

S

A

1
°

Figure 50. 'Heater construction deta1ls.
51stance of the heater wire varies with

ted. The approximate resistance of the’
0.16 ohms/cm.

Solder Jolnt - Allsfate No.430 of Sliver Solder

1/16° Dla. Bross

Solder Jolnt ~ Allstate No.

~

?No. 16 -Léads To Connectlon
. Block .
Solder — Ordinary Rosin Core ¢ (

or Copper Tu bing

No.'ée Teflon Tublng Around

Nichrome Wire - ,

N

430 or Silver Solder

Approximate Finished Dla, /16" (1.59 mm)

The total electrical re-

the length of heater construc- .

{##28 AWG n1chrome wire is
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Heat plulse velocity indidating 13 record1ng 1nstrumentat10n

Block diagrams for a single channel manual HPVT meter (Fig. 52),

/ a 4-channel semi-manual HPVT recorder.(F1g. 53) and a 16—channe1 HPVA,

HPVS, HPVM and/or D data logger (Fig. 54) are g1ven below.

~

Sensor c1rcu1ts .
. / . U‘ul x

Each ‘sensor (at Xu or Xd) was arranged in a br1dge circuit ag

in Figure 51a.for HPVT, or Figure 51b for,HPVA, Hva; 'HPVM or D.

HPV instruments : " " . .
. o . R A,
-y
Separate power supp11es (batter1ea) were used for The sensor
-\ . .
and heater circuits to avoid prOpogatxon of the trans1ent ‘generated +

by the heat pulse back through to the low level temperature s1gna1
A constant-current power supply ua1nta;ned heat pulse current at 4
\\ﬁperes to avoid burning out the heater wlre. Heat pulse magnitude
was varied between 8 to 32 Joules by extendlng the ‘heat pulse duratlon
from 1 to 4 s as needed to achieve .a readable temperature rise 51gnal .
_l). Manual 1nstrument? HPVT (Fig. 52).' Operator manuyally balances
- sensor output (Tu - Td) to zero, activatea the heat pulée
and watches the meter, M, for (Tu - Td) = 0 at some later
.time (tz). ElapSed‘time, seconds, is indicated by the counter.
2) Semi-manual HPVT recorder (Fig. 53), Operation as above

except that the recorder relieves the operator "of the task

of watching. the meter for tz; it is measured from the recorded

v - . " ¥
temperature difference trace. The recorder operates at

a chart speed of about 1 cm s—l. The heat pulse is actuated
at a convenient time line on the recorder chart. The recorder

is then set to run for 5 to 15 minutes as necessary to allow

all 4 channel tz's to be' indicated by their respective traces.

. -

-

7



3)

Sixteen channel HPVA, HPVS, HPVM or'D logger (Fzg. 54).
) N e
The mlcroprocessor is programmed to selecs a group of 8

channels and then to access kach channel in sequence. Xu -
and Xd are accessed % s apart. The initial offset from
ambient for ea®h sensor st't= -60 s isastoréd as offset

error. This error is fed back into the input amplifier

)

Ain’ at each subsequent reading to maintain a "constant ref-

erence 31gna1 for all future.accesses ‘to that sensor. At Jf

[y

time t = 0, the up and downstream sensors (of channel 1)

. v -~
N .

are read and the heat pulse. actuated for 1 to 4 s. 'This

sequence is repeated_for-sensors 2, 3, etc., at 7.5 s inter- -

*

vals until the heat pulse}hasvoccured on all 8 channels,
. A
Then each set of up;and downstream sensors is read at 60 s

intervals to t = 180 s. The second (and any additional o

groups of channels up to a maximum of 64) is selected and

-
.

the individual sensors and heaters are accessed 1n exactly

the same manner. At selected 1ntervals, the data in memory

is transferred to a cassette tap r processing into the

desired HPV or D values in a Hew t Packard 9825A desk

.

top computer.



| - L ST J B j
lE(Tu—Td) : Eo : _ E(xu) \,E(Xd) ERef ( '
| @ | . (b)

Figure 51. Thermistor bridge arrangements.ior HPVQ' 'a) and HPVA,
HPVS HPVM or D (b) measurement. The sensors R lotated at Xd and
‘Xu are active in that they are located directly abo&e and below

.the heater to prov1de the temperature dlfference or Yemperature

rise data for the several HPV or diffusivity calculaiions. In (b),

‘the reference sensor R ef prov1d@; a measure of amblqpt stem temper-—

ature, presumably unaffected by the heat pulse, to he}p maintain

a constant bridge output under long term amblent temperature change.

It should be located in the same stem -as the active sensors but '

no closer than 4 to 5 cm laterally, 10 to 13 cm longltudlnally,
from any active palr. One reference sensor ﬁs suff1c1ent for all

of the active sensors in the same vicinity (11 m) in the same stem.

Resistors Rl are located in the instrument, ¢ot in then tem.

i
~ H '
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Figure 52.
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1 Efrv-1d)
1

| Eo
[

I

|

[}

1

/

. LIS Lo
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‘1-sec

000

counter

e e e e M - _ _g Y4

Figﬁfe 53.

wl

7
1 1=sec
oscillator
and
1-4.sec
HPdriver
Manual instrugent’ for measuring HPVT.

e
]
l P
]
|

1]:12] 3] 4
- T 5-15 min
1. - . ie ti
4~ch'n recorder tmer
= .
]
¢
1-4 sec
Heut Pulse
driver - :
- ~—
! ‘*

Semi-manual 4-channel HPVT recorder.
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APPENDIX F

WACOMPETER PROGRAMS FOR TANGENTIAL AND RADIAL LONGITUDINAL MODELS .

-

The program for both models is the same except for the plane .

heat source geometry equations for Dl, HPVM and HPVP. .The TLM program .

is'given,in its entirety; however only the first 26 lines, contalnxng
the modified equations, are g1ven for the RLM. Both programs access

¢
the same ‘subroutine SOLVER which produces the f1n1te dlfferznce solﬁ— -
tions using.the alternat1ng d1rect1on 1mp11c1t method (von Rosenberﬁ”
L

1969). - : L ) :
The thermal conductivity and density times'specific heat for . ¢

-each node in the- physical mesh are cantained in f11e CPRB. . The direc-

tional thermal conduct1v1t1es are headed CAM, conduct1v1ty along

the tree axis in the minus (upstream) d1rect1on from the point; CAP,

as above except in the positive (downstream) d1rect10n, CTM, tangent?alr
in’ thejmlnus direction (to the le;:3 and CTP, as CTM except to the
right. Density times specific heat (PC) is the weighted average

for all materials meeting at the node.

1 The probe index number for the particular model is contained Y

in file IPRB. The values assigned to each node in this file determines
. i £ . ;

”

whether the simulation is TLM or RLM.- Examples of a TLM IPRB f;dex
file with sensor materials (sensox—heater nodes indicated by béxed

area) and an RLM IPRB w1thout probe mater1als are glvep One or

. {
two sensors up to O 32 cm in d1ameter,.may be located at any point

in the physical grid, as p031tloned by variable ITC (top, downstream ..

sensor location) or IBC (Bottom, upstream sensor locatlon) Similiar-

ily the heater is positioned by variable IHC.A In IPRB, the sensor,

A N : 269
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ant

wh1ch tust be of the same size and materLals at both the up . and downs-'
tream locatlons, is centered along IDX@6; the heater IDX@lS.

A samp%e data printout for the &LM is given. T perature field
/

values are ava118b1e at 15 20, 30, 40, 45, 60, 80, 90 120 and 180 s,

but only the temperatures and solut1ons solutlons at 60, 120 and
. L '
180 s are»shown (temperature values are x100). W1th sensor materials

in the tempemwature field, only the solut1ons at the sensor nodes’
. > T
are\va11d (c1rc1ed on pr1ntout) All others are.ignbrEd If sensor
o] ' - D)
materials are not 1n the f1e1d then solut1ons are va11d at all p01nts.
]

Variable KR con&rols the size of matrix used in the tangent1al

> -

or radlal d1rect10n. KR X 0 04 cm is the di ens1on.— KR also defines

/

the eenterline of symmetry of the solution matyix. The sensors-and

heater are normally centered 8 KR in the TLM, KR is the thter
of the stem (up to 4 cm radius) in the RLM.
*‘ Wound Ls set by the HPV imposed at or - 1n th vicinity,of the

sensor nodes: HPVI =

< X
ithin the wound; HPVI = !5 HPV or zero on
4

a sensor border dgpeadin upon the wound:width imposed; HPVI = HpV

assigned at each node. This index number is referenced to print
.out the HPVI at each tangential or radial position in the physical

mesh.
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THIS PROGRAM, TLM+SOLVER, PRODUCES A.FINITE DIFFERENCE
NUMERICAL SOLUTION IN THE TANGENTIAL LONGITUDINAL PLANE
TO MARSHALL'S (1958) RARTIAL DIFFERENTIAL EQUATION
FOR HEAT TRANSPORT BY COUPLED CONDUCTION THROUGH
WOOD SUBSTANCE AND CONVECTION BY THE MOVING SAP. -

- PROBE THERMAL C\OEFFICIE}_JTS AS WELL AS THOSE AT

VARIOUS ERRLYWOOD/SAPWOOD OR LATEWOOD/HEARTWOOD
COMBINATIONS ARE CONTAINED IN MTS IsINE FILE COEF.

AN INDEX TO WHICH COEFFICIENT IS TO BE USED AT EACH
NODE IS CONTAINED IN MTS LINE FILE PID(N). ‘

CURRENT RUN PARAMETERS, I.E.. WOOD MOISTURE, WOOD
DENSITY, SENSOR LOCATION, AND HPV'S TO RUN‘ARE
CONTAINED IN MT§ LINE.FILE RPAR(N). . .
FUNCTIONS ARE DEFINED BELOW TO SOLVE FOR HPVM, DIFFUSIVITY
HPYS, HPVA AND HP¥P AT VARIOUS COMBINATIONS OF. TIMES «
-FROM AMONG 15,20, 30, 40,45,60,80,90, 120 AND 180 SECONDS,
AND AT VARIOUS SPACES RANGING’ FROM =1.20,-.96,-.48 TO
+.96, +1.20, AND TO +1.44 CM. :

‘bVM(TM1,TM2,TM3,R1,R2)=(TM1*ALOG(R1) ~TM3*ALOG (R2) ) .

1/ (TM1+TM2%TM3* (ALOG (R1/R2))) '
DIF(TM1,THZ,TMB,R1,R2,XU)=(XU*XU*(—.5*(TM2—TH1)**2)) .
1 /(TM1%TH2%TH3% (ALOG (R1/R2))); + B
VS (DF, R3,XU) =3600. * (DF+ALOG (R3) ) /XU

v

4YA(XT,XB,TM1,TM2,S1,sz)=(XT+xB)*(TM1*ALOG(s1)
. 1 ~TM2*ALOG(S2)) /(2. %TM1%TM2# (ALOG (S1/52) ) )-

VP(XU,DF,TVP)=(XU*XU—4.*DF*TVP)
INTEGER LC(201) o
DIMENSION SNA(201,101),SNR(201}101),IPRB(19,101),

«

1chB(2oo,5),Hpv1(1o),TH(1d;1o1),TM48(10,101),TM96(10,101),
2TM120(10,101),TM144(10,101),TP96(10,101),TP120(10,101),
3TP144(10,101),TZL(101),TZZ(101),TPK1(101),TPK2(101),
4TPK3(101), DEPTH (101) , vIMP {M01) ,S0L (31, 101)
COMMON/NOSOL/DEPTH, SOL, VIMP .

COMMON /INT1/LC, IPRB ) -

COMMON /INT2/ IMAX, IMAX 1, IMAX2,KR,KRM, KRP

COMMON /INTS/ IT1,172,IT3,ITF,IT, ITC, IBC, IHC

COMMON /INT4/ NH1,NH2,NH3,N54,NHS;NHG,NH7,NH8

COMMON /REA1/.SNA, SNR ‘

COMMON /REA2/ CPRB

COMMON /REAB/TIME,DT“HT,HHPL,HPL,DT1,DT2,DT3,DT4
COMMON/REA4/TM48,TM96,TM120,TM144,TH,TP96,

t TP120,TP144,TZ1,TZ2,TPK1,TPK2, TPK3

READ RUN CONTROL PARAMETERS ° o _
READ(z'2000,503)MPT,MPC,NC0EF,NH1,NH2,NH3,NH&,NH5,NHS.NH7,NH8
READ(Z'3000,503)NRM,ITC,IHC,IBC,KR,IHAX v ‘
'READ(2'5000,504)(HPVI(I),1=1.NRM)

READ VALUES INTO COEFFICIENT FILE CPRB.
READ(1'aooo,soo)((chB(I,J),J=1;5),1=1,NCOEF)
READ PROBE INDEX INTO FILE IPRB.

NOTE THAT THIS READ STATEMENT ROTATES THE FILE 90 DEGREES

4



READ (48000, 502)NV1,NV2, §¥7 Nv4 .o
<(ﬁ\f>\\\_ READ(4'10000,502) NP1, NP2/, NP3 , ]
, CBARK=CPRB (67, 1) /GPRB (67, 5) R

. ‘A . .
o . h,_w,wwﬂ"wwwm_mwww4mqu,,,”hﬂmw;wxwmrwww%“_whwuu
1

. a
! . 4

cuhy - _ o o

.o - - \ . ) . \ ’ ’ 6 ‘272"~

r

REAp(3'1ooo;6ot)((IPRB(J,I),J=1,19),1*¥,Kn)
READ(4'2000,504)DT1,DT2,DT3,DT4 ' -
READ (4'4000,502) IT1,1T2,IT3,ITF . 3
READ (4 '6000,500) HT,HPL ' , P -
THIS READ STATEMENT ALLOWS ME TO INPUT THE NODE NUMBERS.
AT WHICH I WANT DIFFERENT THAN THE STANDARD NODES . -

GIVEN HPV VALUES. - THE NODE NUMBERS ARE ASSIGNED
IN FILE CONPAR(N)', WHICH IS ASSIGNED TO UNIT 4.

owan

: CSWb=CPRB (1, 1) /CPRB (1, 5) - . S
! CHWD=CPRB (2, 1) /CPRB(2, 5) ’
'DX=0.04 ‘ '
HHPL=HPL/2.0 .- :
KR/~ KR-1  ~
TKRP = KR+1,
IMAX 1=IMAX-1 ,
IMAX2=IMAX~2 '
ITT = ITC+4 .
ITB = ITC-4
IHT = IHC+4 '

IHB = IHC-4 . : B ' o
IBT = IBC+4 o L - 5////
IBB = IBC-4 . ' : e

ITM: = ITB-2 S . d
IHM = IHB-11
IBM = IBB-2
ITS = ITC-IHC
IBS = IBC-IHC

3,
-

SPT = DX*ITS -

SPB = DX*IBS : ‘

KWR = KR/17 - -

IF (KWR.EQ.0) KWR=1 . ' v

DO 200 I=2', IMAX1 :

IFCi.GE.ITB.AND.I.LE.ITT)_GO TO 192

IF(I.GE.IHB.AND.I.LE.IHT) GO TO 193

IP(I.GE.IBB.AQP.I.LE.IBT) GO TO 194
191 LC(I)=1

GO TO 200
192 LC(I1%=1-1TM
GO TO 200
93 LC(I)=I-IHM
v GO TO 200 .
194  LC(I)=I-IBM - 4

200 CONTINUE
DO .70 K=1,KR

70 DEPTH (K) = DXx*(K-1)
WRITE(6,610)
WRTTE(6.611)ITC,IHC,IBC.MPT,MPC



. (t’b‘

15
16

71

72
13

"~ WRITE(6,613) -

1

. DDX=DX*DX - ' . ' o e .
.D2DX=2. 0*DX . . .
"ROUTINE TO PRINT' OUT PROBE INDEX VALUES

DO 15 I=1,NCOEF
"IF(MPC.EQ.0) GO TO 15

WRITE(6,618) IT1,17T2, IT3 , ITF, NH1,NH2 NH3 NH4 NHS NH6 NH7,NHB |

. WRITE(6,619)DT1,DT2, DT3 DT4(HT ,HPL

WRITE (6, 622) NP1 NP2, NP3, NV1 sz Nva NV4 ;"*;.‘ T

IF(MPC.EQ.0)GO.TO 14

WRITE(6,614)

\

IF(1.EQ.51.0R.1.EQ.J101.0R.1I. EQ 151)WRITE(6 601)
IF(I.EQ.51.0R.I.EQ.101. OR,I.EQ.151)WRITE(S, 514)
WRITE(6,612) 1, (CPRB(I, J),d=1,6)

CPRB(I,6) = 999.0
IF(MPT.EQ.0)GO TO 13
WRITE (6, 608) NRK

e

DO 71 I=1 . ;
IF(I. EQ. -EQ.5.0R.I.EQ.7)WRITE(6,601)

IF(; E --EQ.11.0R.1.EQ. 13)WRITE(6 601)

Ki = +1

" IF(K2.GT.KR) K2=KR

WRITE (6, 620) (K,K=K1,K2)"
WRITE (6, 607)(DEPTH(K) K=K 1 K2)

DO 71 J3=1,

J=20~3J
WRITE(6,609)J, (TPRB(J,K) ,K=K1 x2) -
WRITE (6, 6@Qd.)

K1=K2#1 Si

IF(K1.GE.KR) GO TO 13

WRITE (6, 620) (K,K=K1,KR)

WRITE (6, 607)CDEPTH(K),K*K13KR)

Do 72 JJ=1$19 ' ‘
J=20-33 ) T
WRITE (6,609)J, (IPRB(J, K) ,K=K1,KR)

DO 11 J=1,4

DO 31 K=1,NCOEF

CPRB K,J) = CPRB(K,J)/DDX

DO 50 NRUN = 1,NRM

DO 12 K=1,KR

DO 12 I=1,IMAX

SNA(I,K)=0.0

SNR(I,K)=0.0

DO 17 K=1,KR -
TZ1(K)=999.99
TZ2(K)=999.99
TPK1,(K) =999.99 _
TPK2 (K)=999.99 . A Lt
TPK3 (K) =999.99 R

< .



17

Q.

10

97

. IF (KK.EQ.NP3) VIMP (K) = (HPVPH + HPV) /2.0

R e e T T T T R A Y TR . e 0 < e s e o \4. [P

\“DO 17 I=1 ’31 ._ ..V'\\' - / ' e .

ﬁop(l;x)=99,99,
HPV=HPVI (NRUN) .

. L. AM ASSUMING THAT PHLOEM FLOW RATE = -0.01 XYLEM RATE
- PHLOEM FLOW VALUES ARE SET'AT NODES 39, 40 AND.41
“THIS "SETS PHLOEM VELOCITY AT -1% OF HPV XYLEM

HPVPH=-0.01% (ABS (HPV)) - - ' )
DO:{10 K=1,KR ) o
KK=TPRB(1,K) S _ .
IF (KK.EQ. 1) VIMP (K) =HPV ' :

IF (KK.EQ.Z.0R.KK.EQ.50.0R.KK.EQ.67) VIMR(K).=0. 0
IF(KK.EQ.37.0R.KK.EQ.38.0R.KK.EQ.51)V MP (K) =0.5%HPV
IF (KK.EQ.NP1) VIMP (K) =HPVPH/2.0

N N

IF (KK.EQ.NP2) VIMP (K) yHPVPH i _
IF-(KK.EQ.NV1.0R.KK.EQ.NV2) VIMP (K) =HPV - '\
IF(KK,EQ.Nv3.OR.Kx.EQ.Nv4)VIMP(K)=Hpv/2.o‘
CONTINUE . S
HPV=HPV/3600 : , )
HPV<HPV/D2DX . o _
HPVPH=HPVPH/3600 _ - : .

HPVPH = HPVPH/D2DX : S
CPRB(1,6) =HPV ' T
CPRB(2,6)=0.0 : C
CPRB(37,6)=0.5%HPV o o _ \
CPRB (38,6)=CPRB (37, 6) s

CPRB(NP1,6) = 0.5*HPVPH

CPRB(NP2,6) = HPVPH .

_CPRB(NP3,6) =" (HPV + HPVPH)/2.0

CPRB(50,6) = 0.0

CPRB(51,6) = 0.5%HPV , -
CPRB(67,6) = 0.0 ‘ Lo )
CPRB(NV1,6) =HPV - v ,

CPRB(NV2,6) =HPV '
CPRB(NV3,6)=HPV/2.0 .
CPRB(NV4,6) =HPV/2.0 ‘
TIME = 0.0 Co ' :

IT = 0

DT = DT1

PRINT OUT PARAMETERS USED .IN THIS RUN.

-WRITE(6,615) SPT, SPB, KR

WRITE (6, 605)

DO 97 I=1,KWR.

K1 = 17%(I-1)+1

K2 = 171

IF (K2.GT.KR) K2=KR

WRITE (6, 620) (K,K=K1,K2)
WRITE(6,607) (DEPTH (K) ,K=K1,k2)
WRITE(6,606) (VIMP (K) ,K=K1,K?2)
Kt = K2+1 . -



40’

98

41

801

802

803

804

805

94

95

IF(K1.GE.KR)GO TO 40 T T
WRITE (6,620) (K,K=~K1,KR) - .
"WRITE (5, 607)(DEPTH(K) K=KT,KR) . = . .
WRITE(B, 506)(v1np(x)‘x-x4 KR) :

'ROUTINE TO PRINT HPV VALUES AT SOLUTION NQDE POINTS
WRITE(6,616) .

DO 98 I=1,NCOEF B ,?%r

fy

CPRB(I,6)) .GE. 500.. )GO TO 98 S

VHPV' = CPRB(I,6)*3600. 0*D2DX _ -~
WRITE(6,617)], VHPV _ , . -
CONTINUE c '
CALL APTRAC (0, 050, 2)
TIME=0.
DT=DT1

IT=0 o
CONTINUE ' ~.
CALL APINIT(1,Q, ISTAT) -
CALL SOLVER " ~
CALL APRLSE ) : .
WRITEN6,621)TINE =~ - .

. PORTION "'OF MAIN PROGRAM THAT CALLS ROUTINE
.TO PRINT ouT TEMPERATURE MATRIX VALUES
DO 95 IPT=1,5

GO TO(801,802,803,804 ,805), IPT :
ITIME=30

Ip=3 o

GO TO 811 e

ITIME=60

IP=6: ) ' ..
GO TO 811 _ . o
ITIME=90 ' ' '
I1P=8 :

’

- GO TO 811

ITIME=120 "

1P=9 : , ERE
GO TO 811 ' L e e
ITIME=180

IP=10

GO TO 811 | A

WRITE(6,600) ITIME

DO 94 I=1,KWR

Ki=17%(I-1)+1

K2=17%1

IF (K2.GT.KR) K2=KR

'CALL DPRT (K1,K2 IP)

. CONTINUE ot ‘ .
K1=K2+1

IF(K1.GE.KR)GO TO 95 ’

CALL< DPRT (K1,KR, IP) '

CONTINUE Y '

\¢



C

c

82

821

822

830

c”

701

702

703

704

705

706

ROUTINE TO CALCULATE DIFFUSIVITIES AND HEAT PULSE
VELOCITIES FROM NUMERICALLY GENERATED TEMPERATURE

DATA AT VARIOUS INDICATED mgnas
DO 81 KI=1,2 e .
DO 82 1=1,31 ¢ : :

DO 82 K=1,KR
soL(1, x)-99 99- _. o o
GO To(ez; 822) KI IR Lo
‘K13 ‘ .

K2=6

K3=8

TK1=30. . - ‘
TK2=60. , K 0
TK3=90. , Lt Lo
GO TO 830 . T T,

K1=6 . . .

2.9 . . ) ) ‘ . v. -t 1

K3=10 "
TK1=60. : : s
TK2=120. . '

-~

"TK3=180. R

CONTINUE
DO 80 K=2,KR L
IF(T21(K).LT. (1. ))TZ1(K)=1 0

IF (TZ2 (K),. LT, (1.))TZ2(K)=1.0 ' .o

IF(Tpxucg) LT, (1.))TPK1 (K)=1.0 - LR
IPCTPK2(K) .LT. (1.)) TPK2 (K) =1.0

H@WNULTU)MWNDﬂO . . ‘
SOLUTIONS' FOR HPVA, HPVT @ -.48, +.96 CM. a

§1=999.99,
§2=999.99
$3~999,99

IF (TP96 (K1,K) . LE. (0.0). OR. TH48(K1 K) LE. (0. o))Go TO 701

S1=TP96 (K1,K) /THAS (K1,K) = -

IF(TPQG(KzJRD JLE. (0. o) OR. TM48(K2 K) LE. (o 0))GO TO 702

S2=TPo6 (KF:K) /THAB(KZ,K) % 2

IF(TP96(K3,K) .LE. (0. o) OR. TN4B(K3 x) LE. (0.0))Go 0 703 % }

S$3=TP96 (K3,K) /TM48 (K3,K)

IF(S1.8Q.(999.99) .0R.S2.EQ. (999, 99))GO T0 704

IF(S1,EQ.S2)GO TO 704 , __ T -
JIF(52.LT. (0. 1))sz=o 1
SoL(1, x)=asoo *VA(O 96, - .48,TK1,TK2,51,52)

IF ¢S1.EQ. (999 .99) ,0R. S$3.EQ. (999 99))Go TO 705 -

IF(S1,EQ.53)GO TO 705 © -, w Vo
IF(S3.LT. (0.1))S3=0.1 . -* °

SOL (2,K)=3600.*VA(0.96,-. 48, TK1 TK3 ,S1,83)
IF(s2.EQ. (999.99) .OR.S3.EQ. (999 99))50 TO 706
1F(S2.EQ.S3)GO TO 706 .

SOL (3,K)=3600.*VA(0.96,-. 48, TKZ2,TK3,S2 s3)
IF(TZT(K) .EQ. (999 99))60 T0 707 4, . »

A
~ bl -

o -
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712

713
714

- 715

716

717

721

722

723

-

N _ 277
é

IF (TZ1 (K) . LEr40 0))Go "0 707’

0L (4,K) =864 . /T21 (K)

L(5, K)-TZI(K) ‘ ..

NTINUE , |

”/SOLUTIONS FOR HPVA, HPVT @- .96, +1.44 CM

S1=999.99 - .
$2=999.99 L ' >
$3=999,99 ‘ )

IF(TP144 (K1,K) .LE. (0.0) .OR. TM96 (K1, K) .LE. (0, 0))GO TO 711
S1=TP144(K1,K) /TM96 (K1, X

IF(TP144(K2,K) .LE. (0. o) OR.TM96 (K2,K) .LE. (0. o))Go TO 712°
S2=TP144-(K2,K) /TM96 (K2, K)

IF(TP144(K3,K) .LE. (0.0) .OR. TM96(K3 K) LE. (0.0))GO TO 713
S3=TP144 (K3, K)/TH96(K3 K)

IF(S1.EQ. (999.99) .0R.S2. EQ. "(999. 99))GO TO 714 ,

-IF(S1.EQ.S82)GO TO 714

IF(S2.LT. (0.1))S2=0.1

SOL (6,K)=3600.*VA(01.44,-.96,TK1, TK2 ,81,82)
IF(s1.BQ. (999.99) .OR. S3.EQ. (999 99))Go TO 715 !
IF(S1.EQ.S3)GO TO 715

IF(S3.LT. (0.1))8S3=0.1

SOL(7,K) =3600.*VA(01.44,-.96,TK1,TK3,S1,53)
IF(S2.EQ. (999.99) .OR.S3.EQ. (999 99))Go TO 716

IF(S2.EQ.S3)sQ TO 716

-

*  S0L(8,K)=3600.*VA(01.44,~.96, TK2 ,TK3,52,83)

IF(TZZ(K) BEQ. (999, 99))GO TO 717

IF(T22 (K) . LE. (0. 0))GO TO 717

SOL (9,K) =864. /TZ2 (K)

soL (10, K)=T2Z2 (K)

CONTINUE B
SOLUTIONS FOR HPVM,D,HPVP DOWNSTREAM AND HPVS @-,96,+.96 CM
R1=899.99
R27999.99 .
R3=999.99 ' * -
R4=999.99
R5=999. 99

- D1=999.99

IF(TP96(K1,K) .LE. (0.0). OR TP96 (K2,K) .LE. (0.0))G0 TO 721
Rl—(TK1*TP96(K1 K)) / (TK2#TP96 (K2, K)) .
IF(TP96(X2,K) .LE. (0.0) .OR. TP96 (K3,K) .LE. (0. o))Go TO 722
R2= (TKZ*TP96(K2 K) )/ (TK3%TP96 (K3, K))

IF(R1EQ. (999.99) .OR.R2.EQ. (999. 99))Go TO 727

IF(R1.EQ. R2)GO TO 727 ‘

IF(R2.LT. (0. 1) JR2=0. 1-

SL=VM (TK1,TK2,TK3,R1,R2)

IF(SL.LT.O. o)Go TO 723

‘SOL (11, K)=3600*0 96*SQRT(SL)

D1=DIF(TK1 TK2, TK3 ,R1,R2,0.96)
IF(D1.EQ. (999 99))GO TO 727

- soL (12, K)=D1 L R .
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725"

726

728

727

731

732

733

734
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"

}iFYTMéG(kl,K).LE.(0.0))Gb TO 724

R3=TP96(K1,K) /TM96 (K1,K)
IP(R3.LE. (0.0))GO TO 724
IF(R3.LT. (0.1))R3=0.1
SoL(13,K)=vs(D1,R3,0.96)

IF (TM96 (K2,K).LE. (0.0))GO TO 725

R4=TP96 (K2,K) /TMI6 (K2,K) -

IF(R4.LE. (0.0))GO TO 725
IF(R4.LT. (0. 1))R4=0.1
SOL(14,K)=vVs(D1,R4,0.96) .
IF (TM96 (K3,K) .BE: (0.0))GO TO 726
R5=TP96(K3,K) /TM96 (K3,K)

IF(R5.LE. (0.0))GO TO 726
IF(R5.LT. (0.1) )RS=0. 1
SOL(15,K)=vs(D1,R5,0.96)

IF (TPK1 (K) .EQ. (999.99))GO TO 727

IF (TPK1(K) .LE. (0.0))GO TO 727

- HVP=VP(0.96,D1,TPK1 (K))

IF(HVP.LT.0.0)GO TO 728 . :
SOL (16,K) =3600. *SQRT (HVP) /TPK 1 (K
SOL(17,K)=TPK1 (K)

CONTINUE

SOLUTIONS FOR HPVM,D,HPVP DOWNSTREAM AND HPVS '@-1.20,+1.20 CM

R1=999,99
R2=999,99

 R3=999.99
. R4=999.99

R5=999.99
D1=899,99

IF(TP120(K1,K) .LE. (0.0) .OR. TP120 (K2,K) , LE. (0.0) ) GO TO 731

R1=(TK1*TP120(K1,K))/(TKZ*TP12Q(K2;K))

1F(Tp120(K2;k).LE.(o.o).OR.Tp1zo(K3,K).LE.(o.o))Go TO 732

R2=(TK2*TP120'(K2,K)) / (TK3*TP120 (K3,K) )
IF(R1.EQ. (999.99) .0R.R2.EQ. (999.99))GO TO 737
IF(R1.EQ.R2)GO TO 737 ;

IF(R2.LT. (0.1))R2=0. 1
SL=VM(TK1,TK2,TK3,R1,R2)

IF(SL.LT.0.0)GO TO 733

"SOL (18,K)=3600.*1.20*SQRT (SL)

D1=DIF (TK1,TK2,TK3,R1,R2, 1.20)
IF(D1.EQ. (999.99))G0 TO 737
SOL (19,K) =D1 '
IF(TM120(K1,K) .LE. (0.0))GO "TO 734
R3=TP120(K1,K) /TM120(K1,K)
IF(R3.LE. (0.0))GO TO 734

(R3.LT. (0.1))R3=0.1
SOL (20,K)=vs (D1,R3, 1.20) .
IF(TM120(K2,K) .LE. (0.0))GO TO 735

+ R4=TP120(K2,K) /TH120 (K2, K)
"IF(R4.LE. (0.0))GO TO 735

4
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735

136

738
737

741

742

743

744

745

746

-

IF(R4.LT. (0.1))R4=0
SOL(21,K)=vS(D1,R4, 1.20) .
IF(TM120(K3 K) .LE. (o 0))GO TO 736
R5=TP120(K3,K) /TM120 (K3,K)
IF(R5.LE. (0.0))GO TO 736
IF(R5.LT. (0.1))R5=0. 1
SOL(22,K)=vs(D1,R5,1.2o)
IF(TPK2 (K) .EQ. (999.99))GO TO 737
IF(TPK2(K) .LE. (0.0))GO TO 737
HVP=VP(1.20,D1,TPK2 (K))
IF(HVP.LT.0.0)GO TO 738 ~
SOL (23,K) =3600. *SQRT(HVP)/TPKZ(K)
SOL (24, K)=TPK2(K)

CONTINUE

SOLUTIONS FOR HPVM,D,HPVP DOWNSTREAM AND HPVS @-1. 44,+1,

R1=999.9%

'R2=999. 99

R3=999.99
R4=999,99

R5=999.99 - ' 2
D1=999,99

IF(TP144 (K1,K) .LE. (0. o) OR. TP144(K2 K).LE. (0.0))GO TO 741

R1=(TKTuTPl44(K1 ,K)) / (TK2%TP144 (K2,K))

IF(TP144 (K2,K) . LE. (0.0) .0R. TP144(K3 K). LE. (0.0))Go TO 742

R2= (TK2pr144(K2 K)) /(TK3*TP144 (K3 K))
IF(R1.80. (999, 99) OR.R2.EQ. (999, 99))GO T 747
IF(R1.EQ.R2)GO TO 747"

IF(R2.LT. (0.1))R2=0. 1

SL=VH(TK1,TK2,TK3,R1,R2)

IF(SL.LT.0.0)GO TO 743 . »
SOL(25,K)=3600.*1. 44*SQRT(SL)

Di= DIF(TK1 TK2,TK3,R1,R2, 1.44) -

IF(D1.EQ. (999 99))Go TO 747

SOL (26, K)=D1

IF(TM144(K1 'K) .LE. (0. 0))GO TO 744

R3=TP144 (K1,K) /TM144 (K1 ,K)
IF(R3.LE. (0.0))G0 TO 744
IF(R3.LT. (0.1))R3=0. 1 .
SOL(27,K)=VS(D1,R3,1.44) A
IF(TM 144 (K2,K) .LE. (0.0)) GO ™ 745
R4=TP144 (K2,K) /TM144 (K2, K)
IF(R4.LE. (0.0))GO TO 745,
IF(R4.LT. (0. 1))R4=o
SOL(28,K)=vs(D1,R4, 44)
IF(TM144(K3 K) .LE. d oGO TN 746
R5=TP144 (K3, K)/T@r44(x3 K)

JIF(R5.LE. (00))GO TO 746

IF(R5.LT. (0. 1))é5=o 1

SOL (29,K) =vs (D1,RS, 1.44)
IF(TPKB(K) EQ. (999. 99))@0 70 747

s vul

»
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747
o]

onnonaoo

83

81
50

500 -

501
502
503
504
. 600
601
602

603
604
605
606
607
608
6089
610
611
612
613

614

e s e e e T SRS

-

IF (TPK3 (K) .LE. (0:0))GO TO 747
HVP=VP(1.44,D1,TPK3 (K))

. IF(HVP.LT.0.0)GO TO 748

SOL (30,K) =3600. *SQRT (HVP) /TPK3 (K)

SOL (31,K)=TPK3 (K)

CONTINUE

CONTINUE |

ROUTINE TO PRINT NUMERICALLY DERIVED HEAT

. PULSE VELOCITIES. THIS ROUTINE CALLS VARIOUS

PRINT ROUTINES FOR TABLES OF DIFFUSIVITY,
HPVS, HPVA OR HPVL. _

DO 83 I=1,KWR . ’
WRITE (6, 602)TK1 TK2,TK3,CBARK,CSWD, CHWD
K1 = 17%x(1-1) %1

K2=17%1

IF (K2.GT.KR)K2=KR

CALL VPRT(K1,K2)

CONTINUE

K1=K2+1

IF(X1.GE.KR)GO TO 81

WRITE(6,602) TK1,TK2, TK3 CBARK ,CSWD » CHWD
CALL VPRT (K1, KR)

CONTINUE

CONTINUE

FORMAT(6F10.6)

" FORMAT(1914)

FORMAT (514)

FORMAT (1114)

FORMAT (10F5. 1)

FORMAT (1H1, 'AT TIME=',17)
FORMAT('1')

FORMAT(IHI 'SOLUTIONS FOR HPVA HPVS, HPVM, HPVP !
1"HPVT, AND DIFFUSIVITY DOWNSTREAM AT',/, TEMES

2 ,'T1=",F4.0,2X,'T2=" ,F4,0,2X, 'T3="' F4. o,/,
3 'IMPOSED DIFFUSIVITIES ARE: D BARK=' ,F7.4,2X%,
4 'D SAPWOOD=',F7. 4,2X,'D HEARTWOOD=" F7 4)

1

FORMAT(1H1,'HPVA AND HPVT AND HPVP')
FORMAT (1H1, 'HPVS AND HPVM1 AND HPVP')

FORMAT (1H1, 'HPV IMPOSED AT EACH DEPTH FOR THTS RUN )

FORMAT(1H_,‘VIMP 4X,17F7.2) ,

FORMAT (1H , 'DEPTH', 3X, 17F7.2)

FORMAT(1H ,'IDX @',13,1717) .

FORMAT (1H ,7X,'ITC',7X,‘IHC',7X,‘IBC',7X,'MPT'

FORMAT(10I10) =~

FORMAT (2X,13,2X,6F12.6)

FORMAT(1H1 'PROBE COEFFICIFNT VALUES AT INDEX
' NUMBERS') . v

FORMAT (1H ,'INDEX',6X, "CAM',9X, 'CAP',9X, 'CTM’
"PC', 10X, 'MISC') '

. FORMAT (1H1,, ' PROBE INDEX MATRIX USED FOR THE' NEXT ',13,2X,

,7X, '"MPC")
POINT'
.OX_'CTP',ax.

"HPVT ")

280
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615 FORMAT(1H0 'TOP SENSOR SPACING =',F5.2,'CM' , 3X, ;
. 1'BOTTOM SENSOR SPACING =' ,F5.2,'CH', 3X, KR-' ,14) ~‘
616  FORMAT (1HO, 'HPW VALUES AT SOLUTION NODES' o
1,/,'NOBE',7X, '"HPVI', /) ' , -
617 FORHAT(IS,SX,F?.Z) _ v -
618  FORMAT(1HO, 'IT1=',13,3X,'IT2=',613,3X, 'IT3=" ,13,3X%, ;
1'ITF=', 14, 3X, NH1-' ,I13,3X%, NﬁZ" 13,3x%, NH3-' 13 3x NH4=',I3
2,3X, NH5-' 13, 3X, NH6=‘ 13,3X, NH7-' 13 3X, "' NHB", #)
619 fORMAT(lﬂ ,'DTl-' ,3X, 'DT2="',F4. | ,3X, 'DT3=",
1F4.1,3X, 'DT4=",F4.1 3x '"HT=',F10.0,3X, '"HPL="',F5. 2) ’
620 FORMAT(1HO 'K IDX 3x 1717) i
800  FORMAT(1H ,'1-',13,' K=',13," Lc-',13, LL=',I3,"' ChM=',
1F10.4,' CAP=',F10.4,' CRM=',F10.4," CRP=',F1O 4, Lo
2' Cv=' F10.4,' PC=',F10.4) _
621 . FORMAT(1HO, 'SOLUTION RAN FROM T=0 TO T= ', F6.2) - _
622 FORMAT (1HO, 'VARIABLE HPV NODE ASSIGNMENTS ARE' I, >
1'NP1=' »13,3X, 'NP2=",13,3X, 'NP3=',13,3X,/, ‘
D iINVI=" ,I13,3X, 'Nv2=" 133X, Nv3=',13,3x,iNv4=',13)
STOP .
END : S
SUBROUTINE VPRT(J1,J2)

" THIS ROUTINE PRINTS OUT A TABLE OF SOLUTIONS FOR
"HPVA, HPVT, HPVM, HPVS, HPVP AND DIFFUSIVITY AT
THE SEVERAL TIME AND SPACE INTERVALS FOR WHICH
“TEMPERATURE DATA ARE AVAILABLE IN THIS VERSION
OF THE NUMERICAL MODEL
DIMENSION DEPTH(101), SOL(31 101) VIMP(101)
COMMON/NQSOL/DEPTH, SOL, VIMP
WRITE (6, 32) (K,K=J1,32) 4
WRITE (6, 33)(DEPTH(K),K J1,32) * -
WRITE (6, 30) (VIMP(K) ,K=J1,J2)
WRITE (6, 34)
WRITE(6, 1) (SOL (1,K) ,K=J1,J2)
WRITE (6,2) (SOL(2,K) ,K=J1,J2)
WRITE(6, 3) (SOL(3,K) ,K=J1 WJ2)
WRITE (6, 4) (SOL (4,K) ,K=J1; ;J2)
WRITE (6, 5)(SOL(5,K),K J1,32)
WRITE(6“35)

WRITE(6, 1) (SOL(6,K) ,K*J1,J2)

WRITE(6,2) (SOL(7,K), K*J1 ,J2)

WRITE (6, 3) (SOL(8,K) ,KkJ1,J2)

WRITE (6, 4) (SOL (9, K), w—J1 J2)

WRITE (6, 5)(90L(10 K) x=a1 J2)
WRITE (6, 36)

WRITE(6,6) (SOL (11 K) K=J1,32)
WRITE(6,7) (SOL (12, ii K=J1,32)

“

O0o0an

WRITE(6,8) (SOL(13,K),K= J1,J2)
WRITE(6,9) (soL (14, K=J1,32)
WRITE(6, 10)(SOL(15,K) K=J1,J2)
WRITE(6,11) (SOL. (16/,K) ,K=J1,32)

“
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-‘wRiTE(5,13)(SOL(17,K),x=J1,J2)

WRITE(6,37)

WRITE(6,6) (SOL(18,K) ,K=J1,J2)
WRITE(6,7) (SOL(19,K) ,K=J1,J2)
WRITE(6,8) (SOL(20,K) ,K=J1,J2)
WRITE (6,9) (SOL(21,K) ,K=J1,J2)
WRITE (6, 10) (SOL (22,K) ,K=J1, J2)
WRITE(6,11) (SOL(23,K) ,K=J1,J2)
WRITE(6, 13) (SOL (24,K) ,K=J1,32)
WRITE (6, 38) .
WRITE(6,6) (SOL(25,K) ,K=J1,J2)
WRITE(6,7) (SOL(26,K) ,K=J1,J2)
WRITE (6,8) (SOL(27,K) ,K=J1,J2)
WRITE(6,9) (SOL(28,K) ,K=J1,J2)
WRITE (67 10) (SOL (29,K) ,K=J1,J2)
WRITE (6, 11) (SOL (30,K) ,K=J1,J2)
WRITE(6, 13) (SOL(31,K) ,K=J1,J2)

FORMAT (1HO, 'HPVA T1/T2',17F7.2)
FORMAT (1H , 'HPVA T1/T3',17F7.2)
FORMAT (1H , '"HPVA T2/T3',17F7.2)
'L 17F7.2)

', 17F7.2)
FORMAT (1HO, '"HPVM T1,2,3',17F7.2)
FORMAT(1H , 'DIF T1,2,3 ',17F7.4)

FORMAT (1H , 'HPVT
FORMAT (1H ,'T ZERO

FORMAT (1H , 'HPVS T1 'L 17F7.2)
FORMAT (1H , 'HPVS T2 ',17F7.2)
FORMAT (1H , 'HPVS T3 ', 17F7.2)
FORMAT ( 1HO, 'HPVP ',17F7.2)
FORMAT (1H ,'T MAX+ ',17F7.2)

FORMAT (1HO, ' IMPOSED HPV', 17F7.2)

FORMAT (1HO, 'DEPTR', 5X, 17F7.2)
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FORMAT (1HO, 'ASYMMETRIC SOLUTIONS AT (-.48,0,+.96 cM) ')
FORMAT (1HO, 'ASYMMETRIC SOLUTIONS AT (-.96,0,+1.44 cM) ")
FORMAT (1HO, 'SYMMETRIC SOLUTIONS AT (-.96,0,+.96 cH) ")

FORMAT (1HO, 'SYMMETRIC SOLUTIONS AT (-1.20,0,+1.20 cH) ")
FORMAT (1HO, 'SYMMETRIC SOLUTIONS AT (-1.44,0,+1.44 CX) ")

FORMAT(1H ,'K IDX',3X,1717)

'RETURN

END
SUBROUTINE DPRT(J1,J2,J3)

THIS ROUTINE PRINTS OUT TEMPERATURE MATRIX
VALUES AT TIMES CALLED FOR BY MAIN PROGRAM
DIMENSION TM48(10,101),TM95(10,104),TM120(10,101),

COMMON/NOSOL/DEPTH, SOL, VIMP

1TM144(10,101),TP96(10,101),TP120(10,101),TP144(10,101),
2DEPTH(101),TH(10,101),TZ](10T),TZZ(101),SOL(31,10\).
3TPK1(101),TPK2(101),TPK3(101),VIMP(101)

COMMON/REA4/TM48,TH96,TM120,TM144,TH,TP96,

1 TP120,TPT44,TZ1,TZZ,TPK1,TPKZ,TPK3

WRITE(6,620) (K,K=J1,J2)
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WRITE (6, 500) (DEPTH(K) ,K=J1,J2)
WRITE(6,501)(TP144(J3;K),K=J1,J2) -
WRITE(6,502)(qp120(J3,K);KaJ1,J2)
WRITE(S,SOBYQTP96(J3,K){K=J1,J2)
WRITE(6,505), (TH (J3,K) ,K=J1, 32)
-WRITE(6,506)(TH48(J3,K),K=J1,J2)
WRITE(6,507) (TM96(J3,K) ,K=J1,J2)
WRITE(s,soa)(TM120(J3,K),K=Jr,J2) b
WRITE(G,SOQ)(TM144(J3,K),KfJ1,J2)
FORMAT (1R , 'DEPTH', 6X, 17F7. 2)

FORMAT(1H , 'TP144',5X, 17F7.1)

FORMAT (1H , 'THTR',6X, 17F7.0) .
FORMAT€1H , 'TP120',5X, 17F7. 1)
FORMAT (1H , 'TP0S6',5X, 17F7. 1)
FORMAT (1H , 'TMO48',5X, 17F7. 1)
FORMAT€1H , 'TM096',5X, 17F7.1)
FORMAT (1H , 'TM120',5X, 17F7.1)
FORMAT(1H , 'TM144',5X,17F7. 1)
FORMAT (1HO, 'K IDX',3X,1717) :
RETURN

END 1

THIS PROGRAM, RLM+SOLVER, PRODUCES A FINITE DIFFERENCE
NUMERICAL SOLUTION INGTHE LONGITUDINAL RADIAL PLANE
TO MARSHALL'S (1958). PARTIAL DIFFERENTIAL EQUATION
FOR HEAT TRANSPORT BY COUPLED CONDUCTION THROUGH

WOOD SUBSTANCE AND CONVECTION BY THE MOVING SAP,

PROBE THERMAL COEFFICIENTS AS WELL AS THOSE AT
VARIOUS EARLYWOOD/SARWOOD OR LATEWOOD/HEARTWOOD
COMBINATIONS ARE CONTAINED IN MTS LINE FILE COEF.

AN INDEX TO WHICH COEFFICIENT IS TO BE USED AT EACH
NODE IS CONTAINED IN MTS LINE FILE PID(N). .
CURRENT RUN PARAMETERS, T.E. WOOD MOISTURE,. WOOD
DENSITY, SENSOR LOCATION, AND HPV'S TC" RUN ARE
CONTAINED €N MTS LINE FILE RPAR(N). _ !
FUNCTIONS ARE DEFINED BELOW TO SOLVE FOR HPVM,DIFFUSIVITY
HPVS, HPVA AND -HPVP AT VARIOUS COMBINATIONS OF TIMES
FROM AMONG 15,20,30,40,45,60,80,590, 120 AND 180 SECONDS,
AND AT VARIOUS SPACES RANGING FROM =1.20,-.96, .48 TO
+.96, +1.20, AND TO +1.44 CM. c
VM(TM1,TMZ,TM3,R1,R2)=(TM1*ALOG(R1) -TM3*ALOG (R2))

A/ (TM1%TM2%TM3 5% (ALOG (R1/R2) )) o
DIF(TM1,TM2,TM3,R1,R2,XU)=(XU*XU*(—.5*(TM2"TM1)**2))

1 /(TM1%TM25TM3* (ALOG (R1/R2)))

VS (DF,R3,XU) =3600. * (DF+ALOG (R3) ) /XU
VK(XT,XB,TM1,TM2,81,82)=(XT+XB)*(TMI*ALOG(SI)

! —TM2*ALOG(S2)) / (2. %TH1%TM25 (ALOG (S1/52)))
VP (XU, DDF, TVP) = (XU%XU- 2. #*DF%TVP)

O
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SUBROUTINE SOLVER 4 :
INTEGER LC(201),1PRB(19,104) -
INTEGER NT,IMAX,IﬁAxw,IMsz,KR,KRn,KRP

" INTEGER 1PRT,IT1,IT2,IT3,ITF,IT

REAL A(201),B(2o1),c(201),D(201),G(201),BB(201) -

REAL SNA(201,101),SNR(201,1or),T95(1o1),T120(101),T144(1o1)
REAL TH(10,101),TM48(10,101),TM96(1d,101),
1TM120(10,101),TH144(10,101),TP96(10,101),TP120(10,?O1),

_2Tp144(1o,101),Tz1(101),Tzz(101),Tpx1(1o1)}TpK2(1o1),

3TPK3(101) ‘ . '
REAL chB1(200),chaz(zoo),chB3(2oo);chB4(2oo),CPRB5(2oo),
X CPRB6 (200) '

COMMON /INT1/LC,IPRB

COMMON /INT2/ IMAX, IMAX1, IMAX2 , KR, KRM, KRP

COMMON /INT3/ ITJ,ITZ,IT;,ITF,IT.ITC,IBC,IHC

COMMON /INT4/ NH1,NHZ,NHB,NH4,NH5}NH6,NH7,NH8

COMMON /REA1/ SNA,SNR : '\\\ P

COMMON /REA2/ CPRB1,CPRB2,CPRB3,CPRB4 ,CPRB ,CPRB6
COMMON /REAB/TIME,DT,HT,HHPL,HPL,DT1,DT2, T3,DT4
COMMON/REA4/TM48,TH96,TM120,TM144,TH,TP96,

1 TP120,TP144,TZ1,TZZ,TPK1,TPKZ,TPK3

IMPLICIT RADIAL FOLLOWED BY AXIAL BACKWARD DIFFERENCE
EQUATIONS. MODIFIED THOMAS ALGORITHM AT SYMETRICAL
BORDER, WHICH IS CONSIDERED TO BE CENTRE OF TREE.
DO 40 K=1,KR %

T96(K) = 0.0 :

T120(K)=0.0 N ) r
T144(K) = 0.0

ITZ=0

TIME = TIME + DT

THIS IS START OF FIRST HALF STEP (IMPLICIT RADTAL) .
A(1)=0.0 S

HTV = HT/(TIME**10,)
IF(TIME.LE.HHPL)HTV=HT*TIME/HHPL
,IF(TIME.GT.HHPL.AND.TIME.LE.HPL)HTV*HT

DO 170 1=2, IMAX1

DO 160 KK=1,KRM

K=KRP-KK

KP 1=K+ 1

LL=IPRB(LC(I),K)

LV=IPRB(1,K)

CAM=CPRB1 (LL)

CAP=CPRB2Z (LL)

CRM=CPRB3 (LL) ’
CRP=CPRB4 (LL)

CA=CAM+CAP

CR=CRM+CRP

PC=CPRB5 (LL)

CV=CPRB6 (LV) *Pc

PC"PC/DT’
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157
158
160

171
170

254
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HTVS=0.0 : :
IF(LL.LE.2)GO TO 154 : .

'IF(LL.EQ.NH1.0R.LL.EQ.NHZ.OR;LL.EQ.NHBuOR.LL.éQ.NH4)HTVS*HTV
IF(LL.EQ;NHS.OR.LL.EQ.NH6.0R.LL.EQ.NH7.0R.LL.EQ.NHB)HTVS=HTV

A(K) = -CRM
B(K) = CR + PC
C(K) = -CRP

D(K) = (GV + CAM)*SNA(I-1,K) + (PC - CA)* ~
18NA (1,K) \+ (CAP ~CV) *SNA(I+1,K) + HTVS

IF (KRM-K) 155, 156, 157 o t

BB (KR) =B (KR)

G (KR) =I"KR)

GO TO 160 _
\BB(K)=B(K)-2.0*A(KP1)*C(K)/BB(KP1)
~G(K)=D(K)—C(K)*G(KP1)/BB(KP1)

GO TO 160 :
~ CB=C(K) /BB (KP1) , *

BB(K) =B (K)-A (KP1) *CB -

G (K) =D (K) -G (KP1) *CB

CONTINUE

DO 171 K=2,KRM .

SNR(I,K)=(G(K) - A(K) *SNR(I,K-1))/BB(K)

SNR(I,KR)=(G(KR)-Z.O*A(KR)*SNR(I,KRH))/BB(KR)

END OF FIRST HALF-TIME STEP

START SECOND HALF-TIME STEP (INPLICIT AXIAL).
SR W

TIME = TIME + DT
A(2) = 0.0

c(IMAX1) = 0.0

DO 270 K=2,KR

KP1 = K+1
IF(K.EQ.KR)KP1=K-1
DO 260 I=2,IMAX1
IM1=1I-1
LL=IPRB(LC(I) ,K)
LV=IPRB(1,K)
CAM=CPRB1.(LL)
CAP=CPRB2 (LL)
CRM=CPRB3 (LL)
CRP=CPRB4 (LL)
CA=CAM+CAP
CR=CRM+CRP .
PC=CPRBS5 (LL)
CV=CPRB6 (LV) *PC
PC=pC/DT

HTVS=0.0 .
IF(LL.LE.2)GO TO 254

IF(LL.EQ.NH1.0R.LL.EQ.NHZ.OR.LL.EQ.NH3.0R,LL.EQ.NH4)HTVS=HTV
IF(LL.EQ.NHS.OR.LL.EQ.NHS.OR.LL.EQ.NH7.0R.LL;EQ:NHB)HTVS=HTV

A(I) = -cv - caM
B(I) # PC + Ca
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257

260

270

501
502
503
504

505

99
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c(1) =cv - cap, . :

D(I) = CRM*SNR(f,K-1) + (pC - CR) *SNR(I,K)
1+CRP*SNR(I,KP1) + HTVS o~
‘IF(I.EQ.2)GO TO 280

GO TO 257"

BB(2)=B(2) - .

G(2)=D(2) A . -
GO TO 260 :

CB=A(I) /BB(IM1)

BB(I)=B(I)~-C(IM1)*CB

G(I)=D(I)-G(IM1) *CB

CONTINUE

DO 270 II=1,IMAX2

I = IMAX-II .

SNA(I,K) = (G6(1) - Cc(1)%SNA(1+1,K))/BB(1)

END OF SECOND HALF-TIME STEP

IT=TIME +0.05 .
IF(TIME.LE.10.0) GO TO 95

DO 500 K=2,KR

IF (T96 (K) .LT.SNA(125,K) )GO TO_501

‘IF (TPK1 (K) .EQ. (999.99) ) TPK 1 (K) =TIME
IF(T120(K) .LT.SNA(131,K))GO TO &02

IF (TPK2 (K) .EQ. (999.99)) TPK2 (K) =TIME

IF(T144(K) .LT.SNA(137,K))GO TO 503

IF (TPK3 (K) . EQ, (999.99)) TPK3 (K) =TIME
IF(SNA(125,K) ,LT.SNA(89,K))GO TO 504 .

~IF(T21(K) .EQ. (999.99) ) TZ1 (K) =TIME

IF(SNA(137,K) .LT.SNA(77,K))GO TO 505
IF(T22(X) .EQ. (999.99) ) TZ2 (K) =TIME

T96 (K) =SNA (125,K) . . ' N
T120(K) =SNA(131,K) ’ .
T144(K)=SNA(137,K) \

CONTINUE

IF(IT.EQ.15.0R.IT.EQ.20.0R.IT.EQ.30)G0 TO 90
IF(IT.EQ.40.0R.IT,EQ,45.0R.IT.EQ.80.0R.IT.EQ.90)GG TO 90
IF(IT.EQ.60.0R.IT.EQ. 120.0R.IT.EQ. 180)GO TO 90

GO TO 95 .

IF(IT.EQ.15)II=1

IF(IT.EQ.20)II=2

IF(IT.EQ.30)I1=3 .

IF(IT.EQ.40)I1=4

IF(IT.EQ.45)II=5 /

I .EQ.60)II=6 : ‘

IF(IR.ED.B80)II=7

IF(IT.EQ.90)II=8"
IF(IT.EQ.120)I11~9
IF(IT.EQ.180)II=10
DO 91 K=1,KR’
TH(II,K)=SNA(101,K)
™48 (17,K) ~SNA (89,K)

<,
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‘95

TM96 (I1,K)=SNA (77,K)

TH120(11,K)=SNA(71,K)
TM144(11,K)=SNA(65,K)
TP96 (I, K) =SNA (125, K)
TP120(II,K)=SNA(131,K)

, TP144 (11, K)=SNA(137 x)

CONTINUE
IF(IT.GE.IT1.AND.IT.LT. IT2)DT DT2
IF(IT.GE.IT2.AND.IT.LT.IT3)DT=DT3

- IF(IT.GE.IT3)DT=DT4

404

405
406
300

IF(ITZPEQ.1)GO TO 405
DO 404 K=2,KR
IF(T21(K) .EQ. (999.99)) GO TO 406
IF(T22(K) .EQ. (999.99)) GO TO 406
IF(TPK1(K) .EQ. (999.99)) GO TO 406
IF (TPK2 (K) .EQ. (999.99)) GO IO 406
IF (TPK3 (K) .EQ. (999.99)) GO TO 406
CONTINUE

ITZ=1

IF(IT.GE.180)GO TO 300
IF(IT.LT.ITFJGO TO 41 .
CONTINUE

RETURN

END

a— S‘
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Node coefficient/file CPRB

INDEX

VLOIOU L WwN =

10
11
12
13
14
15
16
17 .
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42 .
43
a4
45
46
47
48
49
50

0
0]
0

0
o.
0

0

0
0

0
0
0

0
0
0

0.

0.
0.
0.
0.
0.
0.
o.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
Q.
0.

CAM

-000956
. 000795
.030000
0.
.030000
250000
. 030000
0.
. 000856
0.

250000

250000

000956

.000795
.00079s
.015478
. 125478
0.
0.
0.000956
. 000956
0.

015397
125397

000795

. 000795
. 030000
. 250000

030000
250000
015478

125478

015397
1253397
015478
125478
015397
125397
030000
250000
000876
000876
000876
000876

000579"
000956 -

000956
125478
015478
250000
030000
000956
000856

125478

0154178
000956

0
0.
0

O

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

0.
0.
0.
0.
0.
0
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

CAP
.000956
000795
.030000

. 250000

000956

000956

000735

000795

030000 -

250000

030000

250000

000956

000956

000795

000795

015478

125478

015397

125397

015478

125478

015397 ~

125397

030000
:250000
030000~
250000
015478

125478
015397
125397
000876
0Q0876
030000
250000
000876 -
000876
000579
000954
000956.
000956
000956
125478
015478
125478
015478
250000
030000
000956

\

CTM
0.000727
0.000490
0.030000
0.250000
0.015364

. 125364
0.015245
0.125245
0.015364
0.125364
0.015245
0.125245%
0.015364
0.125364
o.o15245

. 125245
o 015364
. 125364

0.015245
0.125245
0.030000
0.250000
0.030000
0.250000
0.030000
0.250000
0.030000
0.250000
0.030000

-0.250000

0.030000

0.250000

0.015364
0.125364
0.015364
0.125364
0.000727
0.000490
0.000202

0.000727
0.000727

0.000727
0.000727
0.125364
0.015364

- 0.000727

0.000727
0.125364
0.015364
0.000727

CTP
0.000727
0.000490
0.030000
0.250000
0.015364
0.125364
0.015245
0.125245
0.015364
0.125364
0.015245
0.125245
0.000727
0.000727
0.000490
0.000490
0.000727
0.000727
0.000490
0.000490
0.015364
0.125364

0.015245"

0.125245
0.015364
0.125364
0.015245
0.125245
0.000727
0.000727
0.000490
0.000490
0.015245
0.125245
0.015245
0.125245
0.000490
0.000727

0.000727 -

0.000727

. 0.000727

0.125364
0.015364
0.250000
0.030000
0.125364
0.015364
0.250000
0.030000
0.000727

PC
0.532000
0:332000
0.594700
0.765000
0.563350
0.648499
0.463350

0.548500 .

0.563350
0.648499
0.463350
0.548500
0.547675

0.590250 .
'0.397675

0.440250
0.547675
0.590250
0.397675
0.440250
0.579025
0.706750
0.529025
0.656750
0.579025
0.706750
0.529025

.0.656750

0.563350
0.648499

0.463350

0.548500
0,513350
0.598500
0.513350

0.588500.

0.432000

- 0.432000
0.332000°

0.532000
0.532000
0.590250
0.547675

©0.706750

0.579025
0.590250
0.547675
0.706750

’ - 0.579025
. 0.532000

n.

288



Y A R AR b i STt e ke i o s et R L N

0.563350

¢ > 289
File CPR‘B continued '
) « , o
© INDEX " Ccax . CAP cty  cocrp ., pc
51 0.000956 -0.000956  0.000727 °  0.000727 0.532000
52 0.125478 0.125478 0.000727 0.250000 0.648499
53 0.015478- 0.015478 0.000727 0.030000 0.563350
54 0.250000 0.000579.  0.125101 0.125364 0.548500
55 0.030000 0.000579 0.015101 0.015364 = '0.463350
56 0.000579 0.250000 '0.125101 -0.125364  0.548500"
57 0:000579 - 0.030000 0.015101 Q.015364 0.463350
58 0.000956 0.000956 0.0 0.001435.  0.532000 °
59 0.000956  .0.000956 . 0.000727 0.000727.  0.532000
60 0.000956 0.250000 0.125364 0.648499" -
61 0.015101 0.000202 0.000202 0.247675 )
62 0.125101 0.000202 * 0.000202 0.299250
63 0.000202 . 0.015701 0.000202 0.247675
64 0.000202  0.125101 0.000202 0.125101 . ‘' 0.290250
65 0.015101 0.015101  0.000202 0.030000 _ .363350
66 0.125101 0.125101 0.000202 0.250000 0.448506
67 0.000202 0.000202 0.000202 0.000202 V. 132000
68 0.250000 0.000202 0.125101 0.125101 0.448500
69 0.030000 0.000202°  0.015101 0.015101  0.363350
70 0.000202 0.250000 0.125101 0.125101° - 0.448500
71 0.000202 0.030000 "Q.015101 0.015101 0.363350
72, 0.250000 0.000202 0.000101 0.250101 0.448500 *
73 0.250000 0.250000 0.0 0.500000 0. 765000
74 0.000202 " 0.250000 0.000101  0.250101 0.448580 .
75 0.015397 0.000876 - 0.015364 0.000490 0.447675
76 0.000876 0.015397 0.015364 0.000490 0.447675
77 0.030000 0.000876 0.015245 0.015364 0.513350
78 0.250000 0.000876 0.125245 0.125364  .0.598500
79 0.000876 5 0.030000 0.015245 0.015364 0.513350
8¢ 0.000876 0.:250000 0.125245" .~ 0.125364 0.'598500
81 0.015478 0.600876 0,015245 0.000727 0.497675
82 0.125478 0.000876 0.000245 0.000727 0.540250
83 0.000876 0.015478 0.015245 0.000727 0.497675
84 . 0.000876 0.125478 0.125245 ° 0.000727 . 0.540250
85 0.000202 {  0.030000 - 0.000101 0.030101 . 0.363350
86. 0.030000 "\ ,0.030000 0.0 0.060000 0.594700
87 0.030000 0.000202 0.000101 0.030101 0.363350
88 0.000202 0.000202 0.0 0.000404 0.-132000
89 0.600202 0.000202. 0.000202 0.000202 0.132000
90 0.000579 0.000579 0.000202 0.000727 0.332000
91 0.000876 0.000876 0.000727 0.000490 0.432000
92 0.000795 0.000795 0.000490 0.000490 0.332000
93 0.030000 0.000956 0.000364 0.030364
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~longitudinal model with senﬁs'p'r materials
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v
R "

File TPRB, tangential

Yo

1

10

.0 004 0.08 0.12 0.16 0.20 0.24 0.28 0.32 .0.36 0.40

1
1

3

K “IDX

-

DEPTH, cm 0

A

IDX @ 19+

Ibx @ 18
T IDX @

17

1

P.

IDX @ 16

IDX @ 15

'S

1
-
1
1
1
A
1
1
1
1
1
e

IDX @ 14
3

7

1

IDX @ 13
IDX @ 12
IDX @ 11
IDX @ 10
IDX @ 9
IDX.8 8
IDX @
IDX @ 6
iDX @ - 5
IDX @ 4
IDX @
Ipx @ 2
IDX @

12 13 14 15- 16 17 18 19 20, 21 22
.52 0.56 0.60.0.64 0.68 0.72 0.76 0.80 0.84

DEPTH, cm 0.44 0.48 0

K IDX

vd

10

IDX @

IDX € . 9

IDX @ 8

- ———
K ¢
A0~ O NITMEN ~
ol e e o e = =
L TR TR TP T TR TR
T
aAAa@aonaA
[ T I I R S R Sy P G

PN

v

7

IDX @

IDX @ 6

IDX € 5
IDX € 4

.o

1

LB

3 ]
2

IDX @

1DX @

n

T:

10X @
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File IPRB continued

K IDX 23 .24 .25 26 27 28 29 ‘30 3 32 33

DEPTH, cm 0.88 0.92 0.96 1.00 1.04 r.08 1.12 1.16 1.2b 1.24 1.28
IDX @ 19 ] 1 1 T 1T 1 1 1 !

IDX @ 18 1 1 1 1 1 1 1 1 1 1 1 y
IDX @ 17 1 1 1 1 1 1 1 1 1 1 1
IDX @ 16 1 1 1 1 1 1 1 1 1 1 1
IDX @ 15 1 1 1 1 1 1 1 1 1 1 1
IDX @ 14 1 1 1 1 1 1 1 1 1 1 1
IDX @ 13 1 1 1 1 1 i 1 1 1 1 1
IDX @ 12 1 1 1 1 1 1 1 1 1 1 1
IDX €@ 11 1 1 1 1 1 1 1 1 1 1
IDX @ 10 1 1 1 T 1 1 1 1 1 1
IDX @ g9 1 1 1 1 1 1 1 1 1 1 1
IDX @ g 1 1 1 1 1 1 1 1 1 1 1
IDX @ 7 1 1 1 1 1 1 1 1 1 1 1
IDX @ & 1 1 1 1 1 1 1 1 1 1 1
IDX @ 5 1 1 1 1 1 1 1 1 1 1 1
IDX @ 4 1 1 1 1. 1 1 1 1 1 1 1
IDX @ 3 1 1 T T -1 1 1 1 1 1
IDX @ 2 1 1 1 1 1 1 1 1 1 1 1
IDX @ 1 1 1 1 1 bl 1 1 1 1 1 1
K IDX 34° 35 36 37 . 38 39 40 41

DEPTH, cm 1.32 1.36 1.40 1.44 1.48 1.52 1.56 1.60 '

IDX @ 19 )| 1 ] 1 5¢% 50 50 - 50

IDX @ 18. 1. " 1 "1 51 ‘50 50 50

IDX @ 17 1 1 1 ' 51 50 a2 6

IDX €@ 16 1 1 1 1 51 42 44 4

IDX @ 15 1 1 1 1 51 52 4 4

IDX @ 14 1 1 1 1 51 [46 48 4

IDX @ 13 1 1 51 50 | 46 10

IDX @ 12 1 1 = 1 1 51 .50 50 50

IDX @ 11 1 1 1 1 51 50 50 50

IDX € 10 1 1 1 151 50 50 50

IDX @ 9 1 1 1 151 50 50 ‘50

IDX € 8 1 1 1 t - 51 s50.

IDX @ 7 1 1 1 1 51 43 45 3

IDX @ 6 1 1 1 1 51 53 3 3

DX @ s 1 1 1 .51, [47 48 3

IDX @€ 4 .1 1 1 1 51 50 1 47 .9 .
IDX @ 3, 1 1 1 51 50 50 50

IDX €@ .2 1 1 1 51 50 50 's0

IDX @ 1 1 1 1 1 51 50 50 50
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File IPRB, radial-longitudinal model without sensor materials

K IDX

DEPTH,

1DX
I1DX
IDX
I1DX
1DX
1DX
I1DX
1DX’
1DX
I1DX
1DX
1DX
I1DX
1DX
IDX
IDX
1DX
I1DX
IDX

DODEODDDDADDODADDDED®DD DD

K IDX

DEPTH,
IDX
IDX

1DX
IDX
I1DX
I1DX

1DX
1DX
1DX
1DX
IDX
1DX
1DX
IDX
1DX
1DX
1DX

@JB@@@@@@@@@@@@@@@@@

2 3 4 5 6 -7 8 g

1 10 11

cm 0.0 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36 0.40
19" 1 93 1 R 1 1 1 1 1
18 1 93 1 1 1 1 R 1 1 1 1
17 1 93 1 1 1 1 1 1 1 1

16 1 93 1 1 1 1 1 1 1 1 1.

15 59 73 58 59 59 53 59 59 859 59 ‘59
14 1 93 1 1 1 1 1 1 1 1 1
13 I 93 1 1 1 1 1 1 1. 1 1
12 .1 93 1 1 g 1 1 1 1 1
1 1 93 1 1 1 1 1 1 1 1 1
10 .1 93 1 1 " 1 1 1 1 1 1
9 1 93 1 1 1 1 1 1 1 1 1
8 1 93 1 1 1 1 R 1 1 1 1
7 1 93 1 1 1 1 1 1 1 1 1
6 1 93 1 1 a 1 1 1 1 1 1
5 1 g3 1 1 g 1 1 1 1 1
4 1 93 1 1 1’ 1 1- 1 1 1 1
3 1 93 1 1 "1 1 1 1 1 1 1
2 1 93 1 1 1 1 1 1 1 1 1
1 1 93 1 1 1 1 1 1 1 1 1
12 13 14 15 16 17 18 19 20 21 22

cm 0.44 0.48 0.52 0.56 0.60 0.64 0.68 0.72 0.76 0.80 0.84
19 1 1 1 1 1 1 1 1 1 1 1
18 1 1 1 1 1 1 1 T 1
171 1 1 1 1 1 1 1 0 I 1
16 1 1 1 1 1 1 1 R 1 1 1
15 59 59 59 59 59 59 59 59 59 59 59
14 1 1 1 1 1 1 1 1 1 1 1
13 - 1 1 1w 1 1 1 1. 1 1 1
12 1 1 1 1 1 1 ! 1 1 1 1
11 1 1 1 1 1 1 1 1 1 1 1
10 1 1 1 1 1 1 1 17 g 1 1
9 1 1 1 1 1 1 1 1 1 1
8 1 1 1 1 1 1 1 1 1 1 1
7 1 1 1 1 1 1 1 1 1 1 1
6 1 1 1 1 1 1 1 1 1 1 1
5 1 1 1 1 1 1 1 1 1 1 1
4 1 ] 1 1 1 1 1 1 1 1
3 1 1 1 1 1. 1 1 1 1 1 1
"2 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1, 1 1 1 1 1

.~' I e-
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File IPRB continued

K IDX 23 24 25 26 27 28 29 30 31 32 33
DEPTH, cm 0.88 0.92 0.96 1.00 1.04 1.08 1.12 1.16 1.20 1.24 1.28
IDX @ 19 1 1 1 .37 2 2 2 2 2 2 2
IDX @ 18 1 1 1 37 2 2 2 2 2 2 2
DX @ 17 1 1 1 37 2 2 2 2 2 2 2
IDX. @ 16 . " 1 1 1 37 2. 2 2 2 2 2 2
IDX € 15 ° 59 58 59 ° 9i 92 92 92 92 92 92 g3
IDX @ 14 1 1 1 37 2 2 2 7 2 2 2 2
IDX @ 13 1 1 1 37~ 2 2 2 2 2 2 -2
IDX @ 12 1 1 R 37 2 2 2 2. 2 2 2
IDX @ 11 1 ] 1 37 2 2 2 2 2 2 2
IDX €@ 10 1 1 1 37 2 2 2 2 2 2 2
IDX @ 9 1 1 1 37 2% 2 2 2 2 2 2
IDX @ 8 1 1 1 37 2 2 2 2 2 2 2
"IDX @ 7 1 1 1 37 2 2 2 2 2 2 2
IDX @ 6 1 1 1 37 2 2 2 2 2 2 2
IDX @ 5 1 1 1 37 2 2 2 2 2 2 2
IDX @ 4 1 1 1 37 2 2 2 2 2 2 2
IDX @ - 3 1 1 1 37 2 2 2 2 2 2 2
IDX @ 2 1 1 1 37 2 2 2 2 2 2 2
IDX @ 1 1 1 1 37 .2 2 2 2 2 ? P
K IDX 34 35 36 37 38 39 40 41

DEPTH, cm 1.32 1.36 1.40.1.44 1.48 1.52 1.5 1.60

IDX € 19 2 2 2 2 2 2 2 2 .
IDX € 18, 2 2 2 2- 2 2 2 2

IDX @ 17 2 2 2 2 2 2 2 2

IDX €@ 16 2 2 2 2 2 2 2 2

IDX @ 15 92 92 92 92 92 g3 G2 @2

IDX @ 14 2 2 2 2 2 2 2 2

IDX @ 13 2 2 2 2 2 2 2 2

IDX € 12 2 2 2 2 2 2 - 2. 2

IDX @ 11 2 2 2 2 2 2 2 2

IDX @ 10 2 2 2 2 2 2 2 2

IDX @ 9 2 2 2 2 p) 2 2 2

IDX @ 8 2 2 2 2 2 2 2 2

IDX € 7 2 2 2 2 2 2 2 2

IDX @ & 2 2 2 2 2 2 2 2

IDX @ s 2 2 2 2 2 2 2 2

IDX @ 4 2 2 2 2 2 2 2 2

1IDX-@ 3 2 2 2 2 2 2 2 2

IDX @ -2 2 2 -2 27 2 T2 2 a2

X @ ? 2 2 2 - +2° "2 2 -
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HPV imposed at each depth for TLM run

K IDX 1 2 3 4. .5 6 7 8 3 10 11

'DEPTH, cm 0.0 0.04.0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36 0.40
HPVI 20.0 20.0 20.0-20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0
K IDX 213 .14 15 46 17 18 13 20 21 22
DEPTH, cm 0.44 0.48 0.52 0.56 0.60 0.64. 0.68 0.72 0.76 0.80 0.84
HPVI 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0
K IDX 23 24 25 26 2%—=28 29 30 31 32 33
DEPTH, cm*0.88 0.92 0.96 1.00 1.04 1.08 1.12 .16 1.20 1.24 1 .28
HPVI 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0
KIDX 34 35 36 37 38 39 40 4
DEPTH, cm 1.32 1.36 1.40 1.44 1.48 1.52 156 1.60
HPVT 20.0 20.0 20.0 20.0 10.0 0.0 0.0 0.0

©

(w
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“

Numerically derived temperature matrix at t=60 s. - *

K IDX 1 2 3 4 5 6 7 8 9 10 11
DEPTH -0 0.04 0.08 0.12 0.16° 0.20 0.24 o0.28 0.32 0.36 0.40
TPl144 0.0 0.0 0.0 0.1 0.1 0.1 0.2 0.2 0.3 0.4 o0.5
TPI20 0.0 0.0 0.1 0.2 0.2 0.3 0.5 0.7 0.9 1.2 1.6
TPO96 0.0 0.1 0.2 0.4 0.6 0.8 1.2 1.6 2.2 3.0 4.0
THTR 0 0 1 1 1 2 3 4 5 7 9
TMO48 0.0 0.1 0.2 0.3 0.4 0.6 0.8 1.1 1.6 2.1 2.9
TMO096 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.2 0.2 0.3
TM120 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
TM144 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0
K IDX 12 13 14 15 16 17 18 19 20 21 22
DEPTH 0.44, 0.48 0.52 0.56 0.60 0.64 0.68 0.72 0.76 0.80 0.84
TPl44 0.7 0.9 1.2 1.5 1.9 2.4 3.0 3.7 4.5 5.4 6.5
TP120 2.2 2.8 3.7 4.7 6.0 7.6 9.5 11.7 14.3 17.3 20.8
TPO96 5.3 6.9 9.0 11.6 14.8 18.6 23.3 28.8 35.3 42.8 51.4
THTR 13 . 17 22 28 37 47 59 74 91 112 136
TMO48 3.9 5.2 6.8 8.9 11.4 14.7 18.6 23.4 29.2 36.0 44.1
TMO96 ~ 0.4 0.5 0.7 0.9 1.2 1.6 2.0 2.5 3.2 4.0 4.

- TM120° 0.1 0.1 0.2 0.2 0.3 0.3 0.4 0.6 0.7 0.9 1,
T™I44 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.2 :0.2
K IDX 23 24 25 26 27 28 29 30 ¢ 31 32 33
DEPTH. 0.88. 0.92 0.96 1.00 1.04 1.08 1.12 1.16 1.20 1.24 1.28

TP1l44 {-7 9.0 10.4 11.9 13.5 15.2 16.9 18.5 20.1 21.6 22.9
TP120 24. 28.8 33.4 38.4 43.5 48.9 54.3 59.6 64.8 69.6 74.0° o
TPO96 61.0 71.7 83.3 95.8 109.0 122.6 136.3 149.9-162.8 174.8 185.2
THTR 164 196 232 72 315 362 412 465 520 576 633
TM048 53.5 64.4 76.8 90.8 106.4 123.6 142.4 162.7 184.4 207.4 231.3
TM096 6.0 7.3 8.8 10.5 12.4 14.6 17.1 19.9 22.9 26.2 79.8
T™120 1.4 2.1 2.5 3.0 3.6 4.3 5.0 5.9 7.0 8.2
TM144 0.3 0.4 0.5 0.6 0.7 0.8 1.0 1.2 }.5 1.7

D e
' »
w o~

~K 1DX 34 35 36 37 38 39 40 41
DEPTH 1.32 1.36 1.40 . 1.44 1.48 1.52 1.56 1.60
TPI44 24.0 24.7 25.2 25.2 24.6 24.0 23.6 23.5.
TP120 77.9 81.2 83.8 85.5 86.1 86.5 87.1 87.4
TPO96 193.8 200.0 203.6 204.3 202.5 201.0 201.0 20Y,0
THTR 688 742 792 839 881 914 914 914
TMO48 256.0 281.2 306.7 332.1 357.2 378.2 391.0 395.4
TMO96 33.7 38.0 42.5 47.4 52.7 s8.1 58.3 58.3
TM120 9.6 11.2 13.0 15.1 17.4 19.5 21.0 "21.5
TM44 2.0 2.4 2.8 3.2 3.6 4.1 4.3 4.4
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Numericplly derived temperature matrix at t=120 s.

K IDX 1 2 3 4 5 6 7 .8 9 10 11
DEPTH ~ 0.0 0.04 0.08 0.12 0.16 0.20 0.24 0.28  0.32 0.36 0.40
TPl44° 0.0 1.6 3.2 4.9 6.6 8.5 10.6 12.9 15.4 18.2 21.2
TP120 0.0 2.4 @.8 9.3 10.0 12.9 16.0 19.5 23.3 27.5 32.1
TPOS6 0.0 3.1 6.3 9.6 13.2 17.0 21.2 25.8 30.8 36.4 42.6
THTR 0 2 5 8 11 14 17 21 25 30 35
TMO48 0.0 1.0 2.0 3.1 4.2 55 6.9 8.4 10.2 12.1. 14.3
TM096 0.0 0.2 0.5 0.7 1.00 1.3 1.6 2.0 2.4 2.9 3.4
TM120 0.0 0.1 0.2 0.3 0.4 0.5 0.7 0.8 1.0 1.2 1.4
TM144 0.0 0.0 0.1 0.1 0.1 0.2 0.2 0.3 0.3 N 0.4 0.5
. < i )

K IDX 12 13. 14 15 16 17 18 19 20 21 22
DEPTH 0.44° 0.48 0.52 0.56 0.60 0.64 0.68 0.72 0.76 0.80 0.84
TPl44 . 24.5 28.2 32.2 36.5 41.1 46.1 51.4 57.0 62.9 69.0 75.2
TP120 37.2 42.8 48.9 55.5 62.6 70.3 78.5 87.2 96.3 105.8 115.6
TP096 49.4 56.9 65.1 74.1 83.8 94.2 105.4 117.2 129.7 '142.8 156.3

THTR 41 48 - 55 63 72 81 92 103 115 128 142
TM048 16.7 19.5 22.5 25.9 29.7 33.8 38.3 43.3 48.6 54.4 60.6
TM096 4.0 4.7 5.5 6.3 7.3 8.3 9.5 10.8 12.2 13.8 15.4
T™120 1.6 1.9 2.2 2.6 3.0 3.4, 3.9 4.5 5.1 5.8 6.5
™I144 0.6 0.7 0.8 0.9 1.1 1.2 1.4 1.6 1.9 2.1 . 2.4

K IDX~ 23 24 25 26 27 _ 28 29 30 31 32 33
DEPTH 0.88 0.92 '0.96 1.00 1.904 1.08 1.12 1.16 1.20 1.24 1.28
TP144 81.6 88.1 94.5 100.9 107.1 113.0 118.6 123.7 128.3 132.3 135.5
TP120 125.7 135.9 146.1 156.2 166.1 175.7 184.8 193.3 201.1 208.0 214.0
TP096 170.3 184.4 198.7 213.0 227.0 240.6 253.6 265.8 277.0 287.0 295.6
THTR 156 171 187 204 221 238 255 273 290 307 324
TM048 67.2 74.3 81.7 89.5 97.6 106.1 114.8 123.8 132.9 142.2 151.5
TMP96 17.3 19.2 21.3 23.6 26.0 28.5 31.2 34.0 36.9 40.0 43.2
TM120 7.3 8.2 9.2 10.2 1.3 12.5 13.8 75.2 16.7 18.3 '20.1
T™144 2.7 3.1 3.5 3.9 4.4 4.9 5.4 6.0 6.6 7.3 8.0

K IDX 34 35 36 37 38 39 40 41
DEPTH 1.32 1.36 1.40 1.44 1.48 1.52 1.56 1.60
TP144 137.9 139.4 139.9 139.3 137.5 135.5 134.3 134.0
TP120 219.0 222.8 225.5 226.9 226.8 226.2 226.2 226.2 o
TPO96 302.6 307.9 311.4 313.0 312.8 311.9 311.9 311.9
THTR 340 356 371 385 397 408 408 408
TMO48 160.9 170.3 179.6 188.8 197.9 205.4 210.9 211.5
TMO96  46.5 49.9 53.4 57.1 60.8 64.4 64.4 64.5
TM120 22.0 24.0 26.1 28.5 30.9 33.2 34.6 35.]
TM144 8.8 9.6 10.5 11.4 12.4 13.2 13.7 13.9



K IDX
DEPTH
TP144

. TP120
TP0O96
THTR .

TM048
TM096

TM120
‘TM144

‘K- 1DX

DEPTH
TP144

"TPI120

TP096

THTR

TM048

TM096.
 TM120

T™M144

KOIBX

DEPTH
TP144
TP120
TP0O96
THTR
TMO048
TM096
T™M} 20
™44

K IDX
DEPTH
TP144
TP120
TPO096
THTR

TM048
TM096
™20
™I144

[eNeNoko]

oo oo

12
0.44
57.4

68.2 "
74.2°

- )

23
0.88
134.4
162.1
179.4
114
54.1
18.2
9.4
4,5

34
1.32
192.4
238.8
270.8
203
103.2
38.2
21.3
10.5

Ooocooocooo~

oo o

2 3 4
0.04 0.08 0.12
4.7 9.4
5.5 11.1 16.7
.0 12.0 18.1
.23, 7 10
1.5 3.0 4.6
0.5 0.9 1.4
0.2 . 0.5.. 0.7
0.1 0.2 0.3

13 14 15
.0,48° 0.52" 0.56 .

63.7 70.1 76.8

7527 83.5 .-91.5.

.82.5 91.1 100.0

49 54
22.0 24.5 27
7.0 7.9 8
3.5 3.9 4,
1.6 1.8 " 2.

26 250 6. 97

0.92 0.96 1.00
141.6 148.5 155.2
171.0 179.7 188.2
1896 199.7 209.6
122 .130 138

58.1 62.2 66.5

19.7 21.3 22.9

10.2 11.1 12.0

4.9 5.3 5.8

35 36 - 37
1.36 1.40 1.44
194.1 194.9 194.9
242.0 244.4 245.9
275.1 278.4 72R0.7
210 - 217 224
107.9 112.5 117.1
40.4 42.6 44.8
22.7 24.3 25.9
11.3 172.0 12.8

4.2 )

RPN

38
1.48
193.9
f46.3
282.0
231
121.7
47.1
27.6
13.6

.0
24,
2
3

6
.20
4.0
8.4
0.8
18

.8

.5
1.2
5

Q= N~

17

- 0.64
7 90.7
. 108.3.

118.7
72
32.9

10,7
3.4
“2'5'

1.08
167.7
204.2
228.4

155

75.4

26.4

14.0

6.8

39
1.52
192.6
246 .4
282.7
236
125.5
49.2
29.2
14.3

o7
0.24

29.1 -

34.4
37.3
2

- O W0
« e s
NN O W» -

18
0.68

'97.9
117.1
128.5
78
36.1
11.8

76107
2.8

‘.29
1.12

173.3

211.5
237.1
163
79.9
28.2
15.0
7.3

40
1.56
191.9
246.5
282.7
236
127.8
49.3
30.1
14.8

'Numericéllynderivéd‘feﬁperatyre @agrix;étnt=180 8.

8
0.28
34.4
40.7
44.2
25

O e L
e .
000 o W

19
0.72
105.1 1
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9 10 11
0.32 . 0.36 . 0.40

-39.8 45.5 51.3
47.2 53.9 60.9
'51.2 58.6 '66.2

30 34 39
13.2 15.2 17
4.2 4.8 - 5,

2.1 2.4 2.
0.9~ 1. l 1

' u>\JU\u:

20 21 22
0.76 0.80. 0.84
12.5 119.8 127.2-

125.9 134.9 144.0 .153.0

138.4 1
85
39.4
13.0
6.6 "
3.1

90

1.16
178.3 1
218.3

48.5 158.8 169.1
92 99 107
42.8 46.4 50.2

3.4 4.1

22 -9 186.8 190.0
4.5 230.0 234.8

245.2 252.8 259.6 265.6

171
84.5
30.1
16.2

7.9

41
1.60
191.6
246.5
282.7
236
128.6
49.3
30.5
14.9

179 187 195
89.2 93.8 98.5

32.1 3.1 36.1

17.3 18.6 19.9
8.5 9.2 9.8

.2 7.9, ..8.6 . ..,
3.7

31 32.. 33 7
1.20 1.24 1.28
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Solutions for HPVA, HPVS HPVM, HPVT and D1ffu51v1ty downstream at
times 60, 120 and 180 s. Imposed D1ffus1v1t1es bark, 0.0015; sapwood,
0.0018; heargwood 0.0026 ‘

K IDX : 35 36 37 38 39-- 40 41

DEPTH ~1.36 1.40 1.44 1.48 1.52 1.56 1.60
0.00

HPVI . 20.00 20.00 20.00 10.001_ 0.00 0.00

Asymmetric solutions at (-0.48, 0, 0.96 cm) . . :
.83

CHPVA & /t,  11.77  11.33 10.87  10.42  10.17 9.89 9
HPVA ¢/t 11.84  11.41  10.97 - 10.53 10.20 10.02 . -9.87
VA t/t3  11.34  10.92  10.49 10.07 9.75 9.59 9.54
HPVT © 11.68 11.08. 10.54 10.29 9.82 9.60 9.60

t zero - 74 78 82 84 88 90 - 90

Asymmetric solutions a;i(—0.96,'0, 1.44 cm)
HPVA t /¢t 12.28 11.86 11.41 10.93 10.49 10.43 10.41
HPVA tl/t3 12.34 11.94 11.51 -11.05 10.63 10.57 10.55

HPVA €5/t3  11.74 11.33  10.8%  10.46 10.08 . 10.02  10.00
HPVT 12.00  11.68 11.08 10.54 10.29 10.29 10.05
.t zero 72 - 74 78 82 84 84 . 86

y Symmetr1c solutions at (-0, 96 0 O 96(cm) R
© HPVM tl 2,3 12:.81  12.65 12‘44 ¥2.20  11.91 |'11.90 -11.90
D t1, 2 3 0.0015 0.0016 0.0016 0.0015 0.0016 1070016 -0.0016
HPVS £, 9 58 9.11  8.52 . 7.82 7.22 7.20 7.20
HPVS t 10.49  10.25 9.92 9.51 9.18 9.17 9.17
_HPVS €3 11.07  10.92  10.69 10.40 - 10.16 10.16  10.16
HPVP 11.57 ° 11.32° 11.26  11.36 10.70 10.69  10.69
t max 124 124 124 124 126 126~ 128

Symnetric snlutions at (-]. 20, 0, 1.20 cm)
HPVM ¢t 13.02 12. 75, 12 42 12.03 11.64 11.36 11.25

D e, ;";3 0.0016 0.0017 0.0017 0.0017 0.0017 0.0017 0.0017
HPVS ¢, 9.81 9.34 8.81 8.19 7.67 7.39 " 7.31
HPVS ¢ 11.01  10.80 10.53 10.19 9.90 9.75 9.71
HPVS ¢ 11.68  11.57  11.41 11.19 11.00 10.9) 10.89
HPVP 12.77  12.48  12.22  12:03  1vi45 17,27 - 11.20
t omax 166 166 166 166 168 168 168

Symmetric solutions at (=1.44, 0, 1.44 cm) .
HPVM t 12.51 12.08 11.59 11.10 10.66 10.37 10.26

D ) ;’733 0.0017 - 0.0017 0.00}17 0.0017 0.0017 0.0017 0.0017
’ -y

HPVS tl 10.03 9.54 8.96 8.27 7.67. 7.34 7.23

HPVS t2 11.43 11.17 10.84 10.43 10.07 9.86 ° 9.79

HPVS t3 12.16 . 12.01 11.79 11.49 11.22 11.07 11.02

HPVP 99.99 99.99 99.99 99.99 99.99 99.99 99.99

B

t max 99 99 99 99 99 99  99.99 99.99 99.99 99.99

b ’ A

;Top sensor @ U 96 cm.(TPO96) bottom sensor @ ~0.96 em (TM096)



