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ABSTRACT

A human being comfortably at rest loses water continuously to the ambient
through the skin which is dry to the eye and to touch. This phenomen;)n is termed
"insensible perspiration”. Such water withdrawn from the body could traverse the
skin along two possible pathways. In one écheme, ‘liquid water diffuses across the
avascular epidermis and evaporates from the scaly outer layers of the stratum cor-
neum. Such migration would encounter very high diffusional resistances (Dup
=5%10"%m2/s) but the surface area available for moisture exchange with the
ambient is large, ~1.8 m2. In the second scheme, water is evaporated from the free
surfaces of columns of sweat 1iquid§ perpetually present in the ducts of eccrine
glands. Such sweat is retracted below the skin surface in the normal resting state.
The flux of water vapor encounters low diffusional resistances (Dap =3x10"*m?2/s)
but the total cross-sectional area available in the pores is small, =0.01 m2. The rates
of water loss by this scheme would be regulated by conditions external and internal
to the skin. Anatomical and physiological data have been i'ntfoduced into a
mathematical analysis to determine that insensible perspiration occurs primarily by
the second scheme. Anatomical features of the eccrine sweat duct are found to parti-
cipate in the regulation of cutaneous water loss. The water loss rates were calculated
~to be between 1 and 150 g/hr (=2.8x1077 to 4.2x107> kg/s) and this compares favor-
ably with experiﬁlental values reported in the literature nomlly inthe 1 to 90 g/hr

(=2.8x1077 to 2.5x1073 kg/s) range.
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CHAPTER ONE |

INTRODUCTION

A human being comfortably at rest loses water continuously at low but
measﬁrable rates to the ambient through the skin which is dry to the eye and to
touch. This phenoménon has been termed "insensible perspiration”. The rates are
quoted by different investigators at between 100 and 700 g/day (Kuno, 1956;
Lamke et al.,, 1977; Grice, 1980). Quantitative measﬁrements of such water loss
rates date back to 1614 when Sanctorius made records of his own loss of weight
over a period of 30 years (Benedict and Root, 1926)! The continuous efflux of water
through the skin and in exhalations cdntrib:utes to the regulation of heat exchange
. between an individual and the eﬁvironment. The regulaﬁon of water and heat losses
through the skin is important, especially for newborn infants, such that the body
core temperature is maintained (Hammarlund et al., 1977; Stromberg et al., 1983;
Fitch and Korones, 1984). Losses from the palms and soles are significantly higher
than from the other surfaces of the skin and the moistness maiy enhance grippiﬂg to
surfaces during locomotion and in holding objects. Measurements of the water loss
rates have been applied ‘to predict basal metabolic rates (Wiley and Newburgh,

1931; Hardy et al., 1941).

There are two possible pathways by which the water lost in insensible per-

spiration could traverse the cutaneous layers. Liquid water could diffuse across the
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layers of the skin with varying degrees of consolidation and permeébility and eva-
porate from the surfaces exposed to the ambient air. This process is termed "tran-
sepidermal water loss". Such migfating water would be bound within tissues. Fr;ae
liquid water is not expected to infiltrate any pore spaces between these cells. The
diffusive res.istances are high since D4p has been estimated at ~5x1074m2/s (Blank
et al., 1984) across the skin layers but the surface area available is large (=1.8m2).
The principal barrier has been suggested to be at the inner layer of the stratum cor- |
neum. Considerably more water is lost when this barrier is disrupted such as
observed for burr} victims or when the skin has diseases (Sodeman and Burch, 1944,
Moserova and Behounkova-Houskova, 1979a, 1979b). The second pathway
involves the direct evaporation of water or sweat which is retracted into the eccrine
sweat ducts below the skin surface. Low resistances are encountered for vapor
fluxes in air (D 4p=~5%10"*m2/s) but the total cross-sectional area available for diffu-
sion through all such glands at the skin surface is small (=O.01m2). Kuno (1956)
speculated that, since the total of the pore mouth cross-sectional area of all the
eccrine glands is so small (<1% of the totai body surface), the water fluxes through
would be insignificant. Consequently, this pathway is often discounted even though
the rates of diffusion of water within the eccrine ducts may be orders éf magnitude
higher than through the "solid" tissues, because of the vasﬂ}; different diffusional

resistances.

Experimental studies have generally been focused on measuring rates of water

loss from small areas of skin, both in vivo (Albert and Palmes, 1951; Nilsson, 1977),



and in vitro (Berenson and Burch, 1951; Blank, 1953; Buettner, 1959), or from the
entire body surface (Benedict and Root, 1926; Kuno, 1956) under various ambient
conditions. Empiricai expressions have been derived in an effort to relate water loss
fluxes with parameters such as skin surface temperature, ambient water vapor con-
centration, or ambient temperature (Goodman and Wolf, 1969; Kerslake, 1972). In
addition, lumped or bulk transport properties for the multi-layered skin such as dif-
fusion coefficients or permeability constants are reported (Scheuplein, 1978; Blank
et al.,, 1984). Such correlations however, dornot shed light on the actual mechan-
isms for insensible water loss. An aréument often advanced by proponents of tran-
sepidermal perspiration is that subjects afflicted with "hereditary anhidrotic ectoder-
mal dysplasia”, the congenital absence of sweat glands, continue to lose water at
rates comparable to normal subjects (Sunderman, 1941; Upshaw and Montgomery,
1949). Similar water loss rates were also observed for subjects with their sweat
glands "inactivated" by a cholinergic agent (Pinson, 1942). For such observations,
it was neither established that the skin anatomy for subjects without the glands were
similar to those for normal subjects, nor was it demonstrated that the activity of the
secretory part of sweat glands were suppressed by chemical agents to rates below
that required to sustain insensible water loss. Variations in the anatomy of the skin
could accompany different genetic expressions for the rare cases of the absence of

sweat glands.

Sweat secretion by eccrine glands has primarily been investigated for the fre-

quencies of faradic stimulation required and the response times for sweat droplets to



appear at the skin surface. The changes in the electrical conductance of the skin dur-
ing stimulation has also been of interest (Lloyd, 1961; Adams and Vaughan, 1965;
Adams, 1966; Bullard, 1971; Holmes and Adams, 1975). The electrical conduc-
tance would be proportional to the water content of the stratum corneum since water
is the carrier for ic;ns within the tissﬁe. The water content of the layer changes as it

absorbs some of the sweat liquids secreted to the skin surface.

Many apparently normally-formed eccrine glands are unable to produce
sweat droplets when thermal, faradic, pharmaceutical or mental stress stimuli are
applied (Kuno, 1956). These may constitute half of all the glands‘ (Montagna and
Parakkal, 1974). Such glands may have limited secretory ability but would be able
to participate in insensible water loss. Some other anatomical and physiological
observations on the skin tissues and the eccrine glands have also yet to be related to
insensible perspiration (Jeje and Koon, 1987). These include the gradients of tem-
perature within the skin (Bazett and McGlone, 1927), and the endowment of the
straight (dermal) portion of the eccrine duct with a special arteriolar plexus, the
presence of microvillous processes on the periductal surface of the intra-epidermal
coil within the stratum spinosum, and the increase in the diameter and the cross-

sectional area of the lumen of the intra-epidermal coil towards the skin surface.



1.1, Scope of Work

The present investigation is on the contribution of eccrine sweat glands to
insensible perspiration. A physical model which involves d_irect evaporation of
sweat from a meniscus retracted below the skin surface, lateral dispersion of water
within the duct into the keratinized cells of the stratum corneum, and generation of
super-saturated vapor in the duct unit in the neighbourhood of microvilli on the
periductal wall has been proposed to describe water vapor transport .through an
eccrine sweat duct unit (Jeje, 1987; Jeje and Koon, 1987). The effects of changes in
ambient conditions such as the air humidity and the temperatufe on the loss of water
vapor from the eccrine duct are incorporated. The aim is to provide generalizations
on the significance of the various structural and physiological factors of the skin and
the ambient conditions on the rate of insensible water loss. Results from the analysis
are used to evaluate gross insensible loss rates for all the eccrine sweat glands in the
skin such that comparisons can be made with the overall rates reported in the litera-

ture.

In the following, the anatomy and physiology of the human skin will be
briefly reviewed, the literaturé on insensible water loss discussed and the model for

the current work presented.



CHAPTER TWO

ANATOMY AND PHYSIOLOGY OF THE HUMAN SKIN

2.1, .Introductioh

The skin constitutes the body’s outer protective covering against microbial
linvasion and serves as a physical barrier to a rapid loss of vs;ater and heat from the
body into the environment. Its epithelium is continuous with that of external
orifices, i.e. the digestive, respiratory, urinogenital systems, the smaller-scale pilary
system and the microscopic sebaceous and sweat glands. The skin is highly vascu-
larized, innervated and endowed with glands for the secretion of sweat, sebum, salts
and organic substances. The sweat producing organs are uniquely adapted to the
thermoregulatéry demands of the organism. Part‘of the extensive neuroreceptor
network serves in transducing the sensations of hot and cold which result in copious
production of visible sweat or alter the microvascular flows of blood to regulatg the
body temperature. A 1.7 m tall adult weighing 70 kg has a skin with a surface area,
weight, and volume of approximately 1.8 m2, 4 kg, and 3.6 litres respectively

(Dubois and Dubois, 1916; Leider and Buncke, 1954).

A three-dimensional illustration of the human skin layers is presented in Fig-
ure 2.1 with almost all the normal features shown. The skin is typically divided into
two parts, the epidermis and the dermis. The epidermis is a thin stratified

epithelium. This avascular layer is about 50 to 150 pm thick, and the thickness
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Figure 2.1 : A three-dimensional illustration of the human

skin layers. The thickness of the epidermis
and the dermis is usually less than 5 mm.



varies relatively little over most of the body except at the palms and soles where it
is typically 0.4 to 0.6 mm. Underlying the epidermis is the much thicker layer of
dense fibroelastic connective tissue called the dermis. The thickness varies between
1 mm at the palms to 4 mm at the dorsal surfaces of the trunk (Odland, 1983). The
dermis has extensive vascular and nerve networks. Specialized secretory and
excretory glands, and keratinized appendage structures (hair and nail) are embedded
or supported in this tissue. Beneath the skin is the subcutaneous tissue, or hypo-
dernﬁé, which is composed of fatty connective tissue. Skeletal muscles are next in

the sequence (Solomon and Davis, 1983).

The following brief description of the anatomy and physiology of skin layers
is not exhaustive. It is primarily intended to provide the relevant details necessary
for a description of the mechanisms by which water would be continuously lost by a

human being at rest to the surrounding.



2.2, The Epidermis

Tﬁe cells of the epithelial tissues originaté primarily from the basal layer
apposed to the dermis. After division, these cells migrate towards the surface and
undergo physical and metabolic changes.- The epidermis may be divided into an
inner layer of viable cells, the stratum malpighii, and an outer layer of enucleate,
dehydrated and dea.d horny cells, the stratum comeuni. The stratum malpighii is
further divided into several sub-layers : the one-cell deep cubbidal or columnar
- basal layer (stratum basale, or stratum germinativam), the prickle cell layer (stratum

spinosum), the granular layer (stratum granulpsum), and the stratum lucidum (Jar-
- rett, 1973). The latter is not readily visible except in pahhar and plantar epidermis.
These sub-layers are not sharply demarcated anatonﬁcal entities and they tend to

gradually merge into one another.

The columnal basal cells are a;‘range‘d with their long axis perpendicular to the
dermo-epidermal interface or junction. The cells are linked by intercellular cyto-
plasmic strands called "desmosomes" and are supported on a basement membrane
which is only 0.5 to 1.0 um thick. A tissue-free gap of 35 to 45 nm width, the basal

lamina, lies between the membrane and the dermis (Lever and Lever, 1949).

The cells migrating away from the basal layer assume a polyhedral shape in
the stratum spinosum of 5 to 10 cells layers. The cells differ from the basal cells
both morphologically and histochemically.' The morphological changes involve the

ﬂattening of the cell.
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The one to two layers of cells of the stratum granulosum are anucleate and the
cytoplasm contain particles of a basophilic material called "keratohyalin granules".
The cells are flattened and exhibit hydrolytic activity consistent with a degradation

of the cytoplasmic contents (Montagna and Parakkal, 1974). -

The stratum corneum is the outermost layer of dead cells which continuously
exfoliate at the surface. The flattened or squamous cells are keratinizeq to water-
proof the body surface. The interstices between cells become progressively smaller
at the deeper parts, and the intercellular space near the stratum granulosum is lipid
filled. Each cell resembles a thin hexagonal plate, measuring approximately 25 um
in width'and 0.5 pm in thickness (Treager, 1966). That is, in transit from the basal
layer to surface, each cell increases its projected area by 25 times. The tangential
stack of lamina has betwee;l 15 to 25 layers except in the palms and soles. The
| thickness of the stratum corneum varies over the body surface. It depends both on
the number of cell layers and the éiegree of hydration. Estimates give an average
thickness of 8 to 13 um for the forearm, thigh, abdomen, and back (Holbrook and
Odland, 1974). In the palms and soles, the thickness can range from 400 to 600 im

(Scheuplein, 1978).
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2.3 The Dermis

The dermis is an irregular dense connective tissge composed mainly of ﬁBrous
proteins, namely collagen, elastin and reticulin embedded in an amorphous ground.
substance or interfibrillar gel. Fibroblasts are dispersed in this matrix. The ground
substance is lsemi-ﬂuid, and contains glycosaminoglycans, neutral heteropolysac-
charides, proteins, soluble collagen, glycoproteins, inorganic salts, and water

amongst other compounds and macromolecules.

The dermis may be divided into a superficial papillary layer and a deep reticu-
lar layer. The papillary layer is molded against the overlying epidermis and accord-
ingly has surface contours of papillae and folds conforming to the basal epithelial
ridges and grooves of the epidermis. The papillary dermis consists of loosely distri-
buted fibres within the interﬁbriﬁar gel. Extensive networks of arterioles and capii—
laries in the papillae deliver oxygen and nutrients to the cells of the avascular epi-
dermis. The reticular layer has more fibrillar matter densely arranged parallel to the

skin surface.
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2.4. Eccrine Sweat Glands

The eccrine sweat glands of man are widely distributed over the body surface.
They are most numerous on the palm and sole, next on the head, and much less on
the trunk and extremitieﬁs (Kuno, 1956). Man has 2 to 5 million glands over the
entire body surface, at an average of 145 to 339 per cm? (Kuno,1956). New ones
are not formed after birth. The total number of glands differs among races (Mon-
tagna and Parakkal, 1974) but there is no significant variation between sexes
(Szabo, 1962). The number that can be thermally activated is about 2.3 million, or

125 to 130 per cm? (Kuno, 1956).

An isolated eccrine sweat gland is schematically illustrated in i:igure 2.2,
Anatomically, eccrine sweat glands are simple tubes which extend from the surface
of the skin to midway into the dermis or down to the hypodermis. Each tubule con-
sists of an irregular and ﬁghdy coiled basal portion, a straight segment that extends
from the coil to the epidermis, and a proximal coiled or spiral segment that lies
within the epidermis. Half to two-thirds of the basél coil is involved with secretion
and the remaining portion is part of the duct which is made up of 3 segments : a
helical portion in the epidermis which is termed "the épidermal sweat duct unit", a
straight portion traversing the dermis approximately normal to the skin surface, and

the coiled basal portion (Montagna et al., 1962).
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Figure 2.2 : Schematic diagram of an eccrine sweat gland in the cutaneous layers.
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the dermo-epidermal boundary. The Malpighii layer includes the stratum spi-
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The secretory coil is a blind sac composing of 3 distinct cell types : secretory
(clear,serous), dark (mucoid), and myoepithelial cells. The length of the coil aver-
ages 3.3 mm, with an outer diameter of 47 yum (Sato and Sato, 1983) and a lumen
diameter of 20 um (Lever and Lever, 1949). It is enveloped by a basement mem-
brane, which is a basal lamina with fine filaments and thin collagen fibres. The dark
(mucous) cells contain cytoplasmic granules with a strong affinity for basic dyes
(Montagna and Parakkal, 1974). They are small and their nuclei are frequently more
towards the lumen (Hibbs, 1958). The dark cells may generate the glycoproteins in

sweat.

. The clear cells are larger and more abundant than the dark cells. They stain
faintly or not at all with basic dyes and their nuclei are usually basally located.
Where two or more serous cells abut, intercellular canaliculi are formed, avefaging
1.5 pm in diameter (Hibbs, 1958). The canaliculi open directly into the lumen. The
lateral borders of these serous cells are frequently infolded. Numerous villi projec-
tions from two neighbouring cells form an intercellular channel, which is open to
the basal lamina. Desmosomes, gap junctions, and tight junctions occupy the lumi-
nal end. :I'he serous cells contain abundant mitochondria and because of their
resemblance to transporting epithelial cells, it is generally believed that the clear
cells are responsible for the sem;etion of thg sweat fluid and electrolytes into the coil

lumen (Hashimoto, 1978).
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Both serous and mucous cells rest upon an incomplete layer of myoepithelial
cells which in turn rest upon the thick hyaiin basement membrane. The myoep-
ithelial cells are spindle shaped and filled with irregularly arranged bundles of
myofilaments (Sato et al., 1979). Due to their contractile nature, myoepithelial célls
are, thought to supply the force which -expels the sweat fluids into the lumen
(Nicolaidis and Sivadjian, 1972; Randall, 1946). Sato et al.(1979), however, pro-
posed that the myoepithelial cells provide only structural support for the secretory

epitheliumi This suggestion has been supported by Montgomery et al. (1984).

A short transitional zone lies between the single-layered secretory coil and the
double-layered duct. The basement membrane becomes abruptly thin, rerhnains
inconspicous along the entire duct, and is continuous with the epidermal basal laﬁ-
ina (Sato and Sato, 1983). Myoepithelial cells are absent. Small, flat cells are often
seen along the periphery and they are suspected to be the precursors of the basal

cells in the duct (Hashimoto, 1978).

The coiled duct, or the proximal segment of the sweat dﬁct, is composed of
two layers: an inner layer of luminal cells and an outer layer of basal cells. The
luminal cells have a hyalin cuticular border and bear numerous short microvilli on
“the luminal surface. The basal cells are cuboidal and its cytoplasm is usually
slightly denser, and the mitochondria are‘ larger .and more numerous than the lumi-
nal cells (Hibbs, 1958). The lateral borders are frequently infolded, with desmo-

somes, gap junctions, and tight junctions present throughout the intercellular chan-
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nels. The lumen of the duct varies between 10 to 20 pm in diameter (Holyoke and
Lobitz, 1952) and the outer diameter averages 30 um (Kuno, 1956). It is believed
that reabsorption of components of the precursor sweat, primariiy electrolytes,

occurs mostly in this region of the duct.

The straight duct, or the distal porﬁon of the sweat duct, is narrower than at
any other location. It is composed of essentially the same cell types as in the coiled
duct, namely a single layer of luminal cells and one or two layers of basal cells.
The luminal cells are cuboidal and highly cuticularized. They contain fewer mito-
chondria and show less enzymat;ic (Na-K-ATPase) activity (Sato et él., 1971). These

suggest that there is less active reabsorption than in the proximal or coiled duct.

The last segment of the eccrine sweat duct is the epidermal sweat duct unit. It
consists of a spiral coil from the dermo-epidermal boundary to the skin surface.
The spiral diameter and the lumen cross-sectionél area increase outwards. .The
tightness of the helical coil appears inversely correlated to the thickness of the epi-
dermis. Thus a thick epidermis contains widely spaced coils of near uniform radius
while a thin epidermis may have 2 to 3 coils closely spaced but with increasingly
larger loops. Essentially, the total length éf the helical duct at any site may be

independent of the epidermal thickness (Pinkus, 1939).

In the palms and soles, the duct opens to the surface through the ridges of the
epidermis. The average diameter at the outlet of the ducts and the short region of

funnel-like expansion at the surface are 15 um and 72 um respectively (Kuno,
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1956). The duct is composed of a sinéle inner layer of luminal cells and two or
three rows of outer cells. These cells are derived from dermal duct cells througfl
mitosis and upward migration (Lever and Lever, 1949). At the lower level of the
epidermis, sﬁon: microvilli cover the luminal surface of inner cells (Zelickson,
1961). The ductal cells begin to keratinize at a lower level than the cells of the sur-
rounding epidermis énd are fully keratinized at the level of the granular layer of the
surrounding epidermis (Lever and Lever, 1949). This recessed keratinization of the
" ductal wall cells is advantageous to prevent a collapse of the terminal portion of the
gland and the érying out of the glands under low humidity conditions (Lobitz et al.,

1954).
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2.5. Sweat Composition

Normal sweat collected at the skin surface is a clear aqueous solution contain-
ing 99.0 to 99.5 % by weight water and 0.5 to 1.0 % solids. The sblids include inor-
ganic salts, | orga‘nic acids and carbohydrates, nitrogenous substances, vitamin
related compounds, hormones, and enzymes, amongst other substances (Altman and
Dittmer, 1971). The inorganic salts consist mainly of sodium and chloride ions, and
small quantities of calcium, potassium, sulfur, sulfate, and bicarbonate ions. Other
ions are in very small amounts. Specific gravity of the sweat is normally between
1.001 to 1.006. Normal surface sweat is hypotonic with the plasma but during pro-
fﬁse sweating, it may approach isotonic concentrations (Rothman, 1954). Sweat in
the secretory part is isc;tonié or slightly hypertonic to plasma. Reabsorption of salts

~ and water occurs primarily in the coiled duct as indicated earlier.

A comparison of the: compositions of sweat and plasma in Table 2.1 shows
that sodium and chloride ions concentrations are ﬁsually lower in sweat, while cal-
cium and potassium ions do not differ appreciably between the two fluids. Concen-
tration of urea can be twice as high as that of blood. Glucose is almost absent in

sweat, while the amount of lactic acid is more than 20 times of that in bloodi
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Const_ituent Plasma Sweat
Na* (mEq/L; 138‘ 233
K" (mEq/L) 471 2.7
Ca? (mEq/L; 52 .55
Cl™ (mEq/L) 102.4 259
Glucose (mg/L) | 700-1000 0-30
Urea-N (mg/L) 120-150 300-600
Lactic Acid (mg/L) 50-200 | 2850-3360

Table 2.1: A comparison of the average chemical compositions of blood
plasma and sweat (Rothman, 1954; Altman and Dittmer, 1971)
Only the major constituents are listed.
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2.6. The Skin Blood Circulation

,A schematic diagram of the cutaneous vascular system is also presented iﬁ
Figure 2.2. The blood supply to the skin is derived from the bran‘chcs of the subcu-
taneous arteries. Dividing arteries of about 100 pim in diameter (Ryén, 1973) enter
the reticular denﬁis vertically or obliquely before dividing again into approximately
50 um diameter arterioles in the mid-dermis. A horizontal plexus deep in the sub-
papillary dermis is sometimes recognized. Interconnections exist between plexuses
such that the network is integrated into a unit (Montagna and Parakkal, 1974). The
straight portion of ecérine duct is accompanied by its own plexus of arterioles
a'pproximately parallel to the duct (Ryan, 1973). On reaching the papillary dermis,
the ;clscending branches develop a horizontal network of interconnecting and looping
micro-circulatory elemenfs parallel to the Skin surface. Usually there is one capil-
lary loop per papilla. Each loop supplies 0.04 to 0.27 mm? of skin surface and the
average distance between loops is 50 to 100 pm (Rothman, 1954). The repeated
sub-division of arteries, arterioles, and capillaries forms a candelabra pattern of net-
work. The capillaries drain into small venules which descend and connect with
more branches from the deep &enfhis and drain into the sﬁbcutaneous venule sys-
tem. The venous system is more disposed to be horizontally oriented than the
arterial system (Ryan, 1973). Arteriovenous anastomoses (AVA), which are shunts
or channels connecting the arterial and venous :sides of the circulation, are found

throughout the vascular network.
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2.6.1. Tissue Temperature Profiles

It is important to consider the temperature profiles through the supeﬁcid
layers of the skin in which eccrine glands are normally fully embcd@ed. Exchange
of materials and heat occurs between the blood vessels and the connective tissues.
The temperature profile along the eccrine duct, especially the intradermal straight
portion which is closely associated with a plexus of arterioles and capillaries, would
therefore be highly dependent on the corresponding tissue temperature profile. The
steady temperature profiles through the peripheral 2 to 4 mm layer of the human
skin at rest are not normally monotonic withrdistance; from the skin 's'urface as
would be predicted from the theory of heat conduction without heat generation
across a multi-layered solid. Such irregular proﬁlés were originally observed by
Bazett and McGlone (1927) and later confirmed by Mendelson (1936). These
investigators threaded thermocouples into the skin to varying depths to achieve
good spatial resolution. They reported incidences of hyperemia or inflammations
whenever such incidents occurred. Some of their results for conditions without
inflammations in the forearm and deltoid of resting subjects are reproduced in Fig-
ure 2.3, This figure shows the difference between the local tissue temperature and
the value at the skin surface versus the distance into the skin. In the cases of
interest vaso-constriction or dilatation are absent for the cutaneous blood supply.
The profiles vary considerably with the ambient conditions and fr<:)r;1 one individual
to another. Yet the general pattern remains the same. For all the curves, a max-

imum is observed at distances of between 0.8 to 1.2 mm into body from the skin
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Figure 2.3 : Local tissue temperature minus skin surface temperature in the
superficial 10 mm layer of the forearm as measured by Bazett and McGlone
(1927). Subject feels cool (a) and subject is comfortable (b); the forearm (c) and

deltoid (d) by Mendelson (1936); and the lumbar region (¢) by Reader and Whyte
(1951).
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surface. The validity of the data I;as come under criticism as whether bulk tissue
temperatures were being determined by thermocouple junctions which might be
adjacent to or have puﬁctured arterioles or capillaries in the skin (Hardy, 1934). The
repeatability of the measurements and consistency of the data, however, suggest that
such profiles are truly representative of the local bulk tissue temperatures of interest.
Presented in Figure 2.4 are representative temperature measurements at different
distances into the skin (Reader anci Whyte, 1951; Nielson, 1969). The spatial reso-

lution of this data is not as high as for Figure 2.3.

The column of liquid within the eccrine duct would have an allxial temperature
profile similar to the vascular ple;cus immediately surrounding the glana. This tem-
perature pattern would be determined in part by heat exchange with and the tem-
perature gradients through the layers of the skin as illustrated in Figure 2.3. The free
surface of the column ;etracted, in the resting state, below the surface of the skin
would therefore be at a temperature higher than at the skin surface. Hence the
vapor pressure and rate of évaporation at the meniscus wbuld be elevated above
corresponding values at the skin surface temperature. That is, the temperature dis-
tribution in the skin would affect the rates at which water would be lost to the
ambient as would be further explained 1ater on. This issue is important because
many investigators have errone‘ously based their z;nalysis on evaporation at the skin

surface temperature.
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Figure 2.4 : Temperature profiles from the skin surface into the core for the
forearm and thigh. For the lower two curves, the subjects felt cool. The uppermost
curves are for comfortable subjects at different ambient conditions. Similar patterns
are observed for the forearm, deltoid, thighs and lumbar regions. (curve a -
forearm with ambient temperature T ., of 24°C (Reader and Whyte, 1951); curve b
- forearm with T., = 31.6°C and relative humidity RH of 15% (Bazett and
McGlone, 1927); curve ¢ - forearm with T,, = 22.8°C and RH = 86% (B.&
M.,1927); curve d - thigh under same condition (B.& M., 1927); curve e - forearm
with T, = 18.4°C and RH = 19% (B.& M., 1927); curve f - forearm with T, =
18.5°C and RH = 14% B.& M., 1927)) ,
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CHAPTER THREE

LITERATURE REVIEW

The literature on insensible perspiration is extensive. Most of the reported stu-
dies involve accumulation of experimental facts on the rates of water loss from the
entire human body at rest, regional variations of the rates and the influence of
ambient temperature and reiative humidity. Excised strips from the skin have also
been used to determine the tissue moisture contents in equilibrium with air at vary-
ing relative humidities. Diffusion coefficients rfor water through the skin and the
electrical conductivities and mechanical properties of tﬁe tissues have also been of
interest. The present review is not exhaustive and is intended to provide an over-

view for commenting on the interpretations of such data.

In order to avoid confusion in terminologies, "insensible water loss" would .
denote the total loss of water due to the lungs (respiratory) and out of the skin
(cutaneous). "Insensible perspiration" would denote the cutaneous water loss
through sweat glands (insensible sweating) and across the epidermis (transepider-

mal water loss).
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3.1. Rates of Insensible Perspiration
3.1.1. Methods and Apparafus

Early determinations of insensible perspiration rates involved measuring the
changes in weight of individuals over a period of timé (Benedict and Root, 1926;
Wiley and Newburgh, 1931). ;Average values are thus obtained. Such measure-
ments are primitive and are affected by ingestion, excretion, ambient conditions and
changes in emotional state. The accuracy of the mass balances used must be high 6r
the time elapsed from the start of measuremgnt must be long before significant
moisture loss is noted. This method is still popular and insensible perspiration is
estimated as the difference between total water loss and respiratory water loss

which is determined with a breathing apparatus simultaneously.

In more recent investigations, measurements have been confined to small
patches of intact or excised human skins. Total insensible perspiration can be
estimated if measurements are made at representative sites of the body. The tech-
niques are varied. Air (or nitrogen) with known water content has been used as a
carrier passed through a cuvette attached to the skin surface. The flow rates and the
water content of the exit gas are monitored and the moisture added to the stream
calculated (Burch and Winsor, 1944; Goodman and Wolf, 1969; Spruit and Malten,
1969; Lamke and Wedin, 1971). Such a procedure is called a ventilated chamber
method. Precautions must be taken to minimize condensation of wate;,r on the

confining walls and leaks should be avoided. The water content of the gas has been
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measured with gravimetric methods (Pinson, 1942; Burch and Winsor, 1944; Grice
and Bettley, 1967; Grice et al., 1972), electrolytic methods (Baker and Kligman,

1967; Mathias et al., 1981), and infrared gas analyzer (Goodman and Wolf, 1969).

There are drawbacks to the application of the ventilated chamber method. The
- temperatures of enclosed skin patches are elevated at low gas flow rates. At higher
rates, the convection currents and turbulence may lead to enhanced mass transfer
rates and abnormal water loss rates. In the unventilated chamber method, the water
- exchange is determined by measuring the change in weight of a hygroscopic salt
placed inside the chamber (Felsher and Rothman, 1945; Hattingh, 1972). The

micro-environment at the skin surface could be thus altered.

More recently, an indirect method has been developed whereby an unven-
tilated chamber or cup is mounted onto the skin surface. The moisture gradients are
determined with highly sensitive humidity sensors (Nilsson, 1977; Lamke et al.,
1977; Miller et al., 1981). Both open and closed cups have been used. This method
circumvents the problems associated with forced convection and there is little
interference with the conditions at the site of measurement. The main difficulty has
been with estimating the vapor loss rates. Since only one or two humidity sensors
could be used, a linear water concentration profile, normal to the skin surface, can
only be drawn. Such a profile is inappropriate even at steady state. For this situa-
tion the governing equation | giving the mole fraction of water (x4) is (Bird, Stewart

and Lightfoot, 1960):
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1-x4 1—x40 @

TS =G50 3.1)

where x4, and x4 .. are the mole fraction of water at skin surface and top of the cup,
and H is the height of the cup. An examination of the equation shows that the gra-
dient dx,/dz is not constant with respect to z. Nevertheless, the simplicity of the
apparatus and its minimal interference with the test site has made it attractive to

physiologists.

3.1.2. Total Rates

As early as 1831 Sanctorius measured the change in his own weight and
estimated that 35 ounces (=1000 g) of water was lost in a night. Other similar meas-
urements were in the range of 31 to 50 ounces (900 to 1500 g) for a 24 hour period
(Kuno, 1956). The ambient conditions were, however, not stated. Such losses
would include the contributions from respiration. Kuno (1956) reported an amount
of 23 g/hr—m2 as an average value for total insensible water loss. This corresponds
to a loss of ~1000 g/day. Grice (1980) also reported an average insensible water
loss of 1000 g/day. Lamke and Wedjr'l (1971) measured an average insensible water
loss of =1300 g/day at an ambient temperature of 28°C and 40% relative humidity
(RH). The average value of water loss due to the skin has been variously quotéd as
50 (Kuno, 1956) and 60% (Rothman, 1954; Grice, 1980) of the total insensible
water loss, which amounts approximately to between 500 to 700 g/day. Lamke et

al. (1977) measured rates of water loss in different regions by mounting humidity
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sensors on an open-end cylindrical capsule. He estimated the average rate of insen-
sible perspiration to be 380, 530 and 700 g/day at 22, 27 and 30°C respectively with

a 30% RH. This compares favorably with the range cited above.

The total insensible water loss shows an almost linear relationship to the basal
metabolic rate (Wiley and Newburgh, 1931; Rothman, 1954). It was estimated that

. the evaporative heat loss was, on the average, about 24% of the total heat loss
(Soderstrom and Dubois, 1917). The cutaneous heat loss is especially significant in
newborn infants as they have a relatively larger Eody surface per unit volume and
higher sweat gland density. The situation is even more severe in pfemature infants
(Sauer et al., 1984). It was estimated that preterm infants weighing less than 1 kg

" had mean evaporative water losses of 64.2 ml/kg-day, while those weighing 1.7 to
2.0 kg lost 16.7 ml/kg-day (Wu and Hodgman, 1974). In cases of immature infants
careful monitoring of the radiant heat supply is therefore required. The cutaneous
| component shows a definite decline with age (Rothman, 1954) and is slightly lower

in women than in men (Hardy et al., 1941).
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3.1.3. Site Variation

It is generally agreed that the palms and soles lose more water to the ambient
relative to the other regions of the body. On other surfaces, the loss is fairly equally
distributed. Burch and Sodeman (1943) found that the rate of insensible perspira-
tion vaﬁed regionally. In the descending order of water loss rates per unit area are
the surfaces of the hands, feet, head, arms, legs, and the trunk. Kuno (1956)
classified the general body surface into three zones. Zone 1 consists of the palm and
sole which produce the highest rates despite their much thicker stratum corneum
layers (400 to 600 pum thick as compared to 10 um of the general body surface).
The keratinocytes found in these regions do not differ from those in other regions.
The measured rates vary between 50 to 100 g/hr—}rzz. The high rate is most likely
due to the high density of sweaé glands, as suggested b:y Mali (1956). Szabo (1962)
determined that the average density of sweat glands at the sole is 620 per cm?2. The
dqnsity is 150 to 250 per cm? in most other surfaces. Zone 2 consists of the fore-
head,v the 'cheek, the npck and the dorsal region of hand. Water loss rates vary
between 25 to 45 g/hr-m2. These regions are usually uncovered. These results
indicate that exposed regions show higher rates of insensible perspiration. Zone 3
éonsists of the abdomen, the back, the arms and the legs, and probably all the other

parts usually covered with clothes. The rates vary between 7 to 17 g/hr-m?.

Kuno’s findings on regional variations have been supported by Baker and

Kligmna’s experiments (1967). Using a ventilated chamber and humidity sensors,
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they reported a mean loss of 11.4 and 8.5 g/hr-m? in t}_le palm (zone 1) and forehead
(zone 2), and an average mean loss of 3 g/hr-m? 1n the abdomen and back (zoﬁe 3).
Losses on the forearm and shin (zone 2) were reported to be =~3.5 g/hr-m? which are
lower than anticipated. It should be noted ﬁat the losses measured by these investi-
gators are lower than those suggested by Kuno (1956) but the trends are similar.
‘The discrepancy may be ascribed to the fact that, before measurements, each site
was treated with a solution of benzoyl ester of scopolamine to inhibit sweat gland
activity. Irn vivo determination by Lamke and Wedin (1971) using a technique simi-
lar -to those of Baker and Kligman (1967) indicated mean rates of 17.3, 21.4, 15.5
anci 16.5 g/hr-m? for the regions back, chest, forearm, and thigh respectively at an
ambient temperature of 28°C and 40% RH. The skin surface temperature was
measured at =35°C. With no pretreatment of the skin, the values reported by these
investigators are similar to those quoted by Kuno (1956). Similar results were

reported by Lamke et al. ( 1977).

Numerous measurements have been done on the rates of insensible perspira-
tion using dead human skin patches (Winsor and Burch, 1944; Burch and Winsor,
- 1944, 1946, Berenson and Burch, 1951; Blank, 1952, 1953; Mali, 1956). Such
measurements are now rarely undertaken because dead tissues have different' pro-
perties from live ones. The usual procedure was to mount a piece of excised skin,
free of subcutaneous fat, tightly over the surface of a water-filled cylinder (Blank,
1952). The change in weight of the cylinder would be taken as the loss of water

through the skin. In some cases a ventilated chamber was used to measure the
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amount of water loss (Onken and Moyer, 1963). In addition, the cylinder can be
enclosed in a temperature-controlled bath so that the lower end of the excised skin
would be maintained at a warmer temperature. Saline solution sﬁch. as sodium
chloride has béen used in place of pure water (Burch and Winsor, 1944). It was
claimed that rates of water loss as obtained in excised skin patches were of the same
magnitude to those in living skin -(Burch and Winsor, 1944), thus insensible per-
spiration would mainly be a passive process and solely due to transepidermal water
loss as active sweating would be absent. Such in vitro studies, however, need to be
examined carefully. Eccrine pores and hair follicles interspersed within the skin
patch may provide alternative pathways for water diffusion. Considerable vapor
efflux would occur through such openings and uansepiderﬁxal water 10s§ may be
insignificant. Burch and Winsor (1944) obtained average values of 49 and 48 g/hr-
m? for living and dead abdomen skins respectively. No specific conditions were
reported. Their values are consistently higher than those found for in vivo situations
(e.g. Lamke et al., 1977, reported an avefage loss of 9 g/hr-m? at 27°C ambient
temperature and 30% RH in the same region). Burch and Winsor (1944) passed dry
oxygen through the skin site and measured the outlet gas water content by conden-
sation using solid carbon dioxide. Abparently a 10 minute duration was used for
each measurement as the rates were reported in mg/10min-5cm2. The high values
may be due to the short duration of time, a high gas flow rate, inaccuracy of the bal-
ance, leakage of moisture from the oufside into the chamber, or measurement errors.

For the same region Blank (1953) and Onken and Moyer (1963) reported fluxes of 1
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to 2 and about 3 g/hr-m? respectively, both for in vitro conditions. Again relevant
data such as ambient temperature and relative humidity were not reported. These
valﬁes, however, are considerably lower than normal in vivo cutaneous water loss.
It should be recognized that the conditions on the inner side of the skin strips for in
vitro studies are vastly different from in vivo situations with intact skin. The map-
ping of an in vivo temperature gradient acréss a skin patch has been difficult but
undertaken. The temperature at which water is vaporized is important as it deter-
mines the vapor pressure at site of evaporation. In most cases excised skins were at
ambient temperatures while in other cases solutions bathing the lower layers were
maintained at warmer temperatures. The usage of pure water or saline solution
would not resemble conditions in the dermis. Such efforts to imitate in vivo condi-

tions may be futile and lead to a misinterpretation of results.
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3.2. Contributing Factors

It has been shown that the rate of insensible perspiration does not remain con-
stant even for an individual, as it depends on various internal and external factors.
For the sake of arguments the rate of insensible perspiration is represented by the

‘following simpliﬁéd expression:

04 =C (X40 ~ XA o) (3.2)

where C is a constant of proportionaliiy and x4,-X4 .. Tepresents the diffusional driv-
ing force between the skin surface and the ambient air. C can be treated as constant
only when the internal and external conditions remain unchanged. x4, is the equili-
~ brium water vapor mole fraction at site of evaporation and is therefore dependent on
physiological conditions. x4.., on the other hand, represents the ambient vapor
mole fraction and consequently depends on the ambient conditions; The importance

_ of both the internal and external factors should be obvious.

3.2.1. Internal Factors

Physiological factors include the mental state of the subject, the amount of
cutaneous blood supply, and the level of metabolic activity. ;I'he pattern of sweat-
ing induced mentally as opposed to thermal stimulation is quite different. It has
befen demonstrated that subjects performing mental arithmetic produced sweat on
the palms and soles, and less profusely on the axilla (Kuno, 1956). No ﬁace of

sweat was detected on other surfaces. The forehead also sweats during mental
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exercises (Kuno, 1956). In contrast, sweat induced thermally was found on the gen-

eral body surface (Kuno, 1956).

The effects of vascular changes are two fold. A change in the vascular supply
may mean a change in heat-transfer areas at surfaces of arterioles and c;apillaries, as
a result of vaso-constriction or dilatation. It could also mean a change in the heat
flux as the blood flow rate changes. These affect or determine the temperature
profiles along the intradermal straight eccrine duct. Such an effect“may not only
cause the value x4, in equation (3.2) to be different, but may induce a change in the
amount of secretory activity. Consequently C would be a variable parameter and not
a constant. The second effect is on the raté of exchange‘ of materialé,between tht?
straight eccrine duct and the accorppanying arterioles and the connective tissues.
Skin temperature variations would cause a change in the rates of secretion or reab-
sorption of ic;ns, water and other substances. Studies on such vascular changes are
few. Kuno (1956) noticed an increase in water loss after one 1_eg was immersed into
water at 40 to 42°C. He suggested that the cause was mainly due to an increase in

‘temperamre. Other studies on vaso-constriction or dilatation include those of Pin-
son (1942), Grice and Bettley (1966; 1967), and Baker and Kligman (1967). These
investigators reported that vasculz;r changes had little effects on ra;tes of water loss.
Their studies, however, were performed with sweat glands activity inhibited by ano-
dal cataphoresis (Pinson, 1942), topical application of anticholinergic substances
such as poldine methosﬁlph’ate (Grice and Bettley, 1966) or benzoyl ester of -

- scopoamine (Baker and Kligman, 1967). Physiological conditions may be vastly
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changed as a consequence.

3.2.2. External Factors

Important variables external to the body include the ambient temperature,
relative humidity and air velocity. The effect of air velocity is complex but in gen-
eral the presence of a1r currents near a skin surface would increase the rate of water
loss from such a region. The enhancement is caused by convecﬁve currents which
modify the concentration profiles at the surface. This has yet to be thor01f1gh1y stu-

died.

On the influence of ambient temperature and relative humidity, results in the
literature and their corresponding interpretations are diverse and contradictory.
Kuno (1956) claimed that insensible perspiration varied only slightly with changes
in the ambient temperature. Temperature fluctuations however induce chaﬁges in
the temperatures of the superficial skin Iayers and in the cutaneous circulation.
Experimental results were not cited. Berenson and Burch (1951) examined the
influence of such environmental conditions on water evaporation through excised
skin. They found an almost linear, direct variation with ambient temperature. Their
studies, however, were done with progressively decreasing relative hunﬁdity as the
ambient temperature was raised. Kligman (1964) found an inverse linear relation-
ship between relative humidity and water diffusion for excised skin. Water loss was

negligible above 90% RH. This could be expected as the excised skin would be at
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essentially the same temperature as the ambient. Such in vitro studies, as men-
tioned earlier, do not represent the true physiological situation. Grice et al. (1972)
studied the effect of relative humidity on living skin treated with poldine methosul-
phafe. The purpose was to measure only the transepidermal water loss. They found
that at low humidity, the rate of water loss was actually increased by an increase in
reiative humidity. The trend was reversed at higher humidity. The phenomenon as
observed at low humidity was suggested (Grice, 1980) to be due to an increase in
water content in the stratum corneum (Spencer et al., 1975) and consequently a
greater water permeability in the layer. The explanation may not be applicable since
at low relative humidity (below 60%) between 20 to 35°C ambient temperature the
water content‘ in stratum corneum has been demonstrated (Spencer et al., 1975) to
change very little with relative humidity for in vitro conditions. The change would
even be smaller for in vivo situations since stratum corneum woulci then be at a
higher temperature. At present no alternative explanation can be suggested for their
observations. The interference of sweat gla;ld activity using a cholinergic agent,

however, may be undesirable.

Variations in relative humidity reflect in changes of the ambient water content
and temperature. The driving force term in equation (3.2) would be reduced as the
value x4 .. increases. This results in 2‘1' decrease in the rate of cutaneous water loss.
Such a relationship was confirmed by Goodman and Wolf (1569) in their in vivo
studiés on the forearm using a ventilated chamber method. The ambient tempera-

ture was at 25°C while the skin surface temperature was not reported. The exit gas
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was analyzed using an infra-red gas analyzer. They, however, reported that the
relationship between humidity and cutaneous water loss was non-linear. The result
appears inconclusive as the measurements were only taken at four different ambient

water vapor concentrations.

Changes in ambient temperature have two majdr effects. x4, may. be
increased .due to an altered skin blood flow. The change in the cutaneous tempera-
tﬁre pattern could enhance the secretory activity of the sWeat glands. Lamke and
Wedin (1971) reported an average increase in the rate of cutaneous water loss from
10.1 to 17.5 g/hr-rr}2 when the ambient temperature was raised from 15 to 28°C for
in vivo studies on the back, chest, forearm and thigh. It was suspected that below
15°C the blood vessels of thg skin were constricted. Dwelling on results involving
such extreme temperatures may not be apprqpriate here. The in vivo studies by
Lamke et al. (1977) provides ka more accurate picture. Using an open cup with
humidity sensors mounted on the inside wall, these investigators estimated rates of
water ios:s for various regions of the body surface at 22.1, 26.9, and 30.3°C respéc—
tively. The corresponding total insensible perspiration rates were estimated at 381,
526 and 695 g/day. It was also shown (Lamke et al., 1977) that the percentage con-
tribution from different regions was fairly equal, irrespective of the change in the
ambient temperature. It was suggested that the increase in water loss was due

mainly to liigher secretory activity.

In an effort to relate rates of water loss with a driving force term such as'x4,-
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X4 in equation (3.2), Kerslake (1972) correlated data from{ various measurements

and obtained the following expression:

Op =6.0+ 175 (Pag — Pso) (3.3)

where P4 and P4 .., represent vapor pressurés of water at skin surface temperature
and ambient temperature respectively. While the expression implies a linear rela-
tionship, it predicts a rate of 6 g/hr-m2 as PAOO—>PAS. Kerslake (1972) suggested
that this steady rate could be attributed to sweating. The use of the term P4, sug-
gests that pure water would be evaporating ﬁom the skin surface. Sl;Ch would not
‘be the case if transepidermal perspiration were the mechanism for water loss.
Water is bound in the stratum corneum and thus cannot be treateci as pure. As for
water evaporating from sweat ducts, the temperature at the local site of evaporation
(the meniscus) may be higher than the skin surface temperature, depending on the

level of sweat inside the duct.
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3.3. Insensible Sweating vs. Transepidermal Water loss

Whethe% insensible perspiration is mainly aue to water loss from sweat pores
or through the epidermal skin layer has been an issue of contention. Kuno (1956)
suggested that even when the rate of ev‘aporation from the sweat po;es is high, their
total surface area (=0.01m?2) is too small for them to be a contributing factor.
Numerous but incor;clusive experimental studies have been done in the attempt to
determine the major patﬁway. The claim that sweat glaqu do not participate during
insensible perspiration has been based an some observations that individuals who
lack sweat glands completely or almost completely, a syndrome called "hereditary
anhidrotic ectodermal dysplasia”, eliminate normal quantities of water through the
skin (Richardson, 1926; Sunderman, 1941; Upshaw and Montgomery, 1949). The
skin of these individuals is unususally soft, thin and feminine (Upshaw and
Monfgomery, “1949), and may therefore be less water resistant than normal skin.
The mechanism of water loss may subsequently be different for these relatively rare

individuals.

Hancock et al. (1929) analyzed the constituents of bath water from individuals
who had not washed or visibly sweated for one week. Salts recovered were mainly
potassium chloride (290%) and sodium chloride. They concluded that the potas-
sium‘ was derived from the epidermis, particularly from sebaceous gland secretions,
and insensible perspiration was lafgely transepidermal. While the sodium content

was low, it may be suggested that sweat liquids normally retracted into the sweat
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duct would not cause salt or any other substances to precipitate on the skin surface
upon evaporation. Their method may introduce large errors of measurement. The

primitive nature of their procedure may cause a substantial variation in the results.

In the palms and soles, sweat glands have been determined to produce water
continuously. At other body surfaces, such a phenomenon has not been demon-
strated conclusively. Rothman (1954) reported that sweat droplets could be
observed over the general body surface with a light microscope. Randall (1946)
measured the amount of sweat secreted on the extensor surface of the forearm by
applying dilute iodine solution and subsequently pressing lightly a starch containing
paper onto the test site. The appearance of a blue-black spot on the paper denotes
the activity of an individual gland. The size of each spot would be a quantitative
measure of the amount of sweat secretion. The procedure of painting iodine on the _
skin has been criticized (Dole and Thaysen, 1953) for two reasons. Iodine may irri-
tate the tissue being studied and it washes away irregularly as sweating proceeds.
Dole and Thaysen (1953) modified the methqd by introducing iodine into the starch
paper by sublimation. The test sites include the forearm, thigh, back and abdomen.
Both Randall (1946) and Dole and Thaysen (1953) reported similar findings in that
sweat glands show periodic activity in secreting sweat onto the cutaneous surface.
Moreover, upon thermal stimulation, the sweating rate is first increased by an
increas;a in the number of functional glands, followed by an increase in output of
individual glands. Nicolaidis and Sivadjian (1972), using a hygrophotographic

recording technique whereby a hygrosensitive film was placed in contact with the
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forehead, observed high-frequency (12 to 21 Hz) ’pulsatile expulsion of sweat onto
the skin surface. The degree of discoloration of the originally dark film is an indica-
tion pf. water being absorbed, and the area of discoloration indicates quantitatively
the amount absorbed. The aforementioned experiments on the sweat gland activity

seem to indicate the participation of sweat glands during insensible perspiration.

Qualitative measurements on the filling of eccrine ducts with sweat and
hydration of the stratum corneum have been made by analyzing the time delays
required for sweat emergence after electrical stimulation of eccrine glands. Such
measurements are commonly done using the footpad of cat (Lloyd, 1959; Adams,
1966; Holmes and Adams, 1975) because the pad has a high density of sweat
glands. Bullard (1971), upon stimulating the eccrine glands of hliman forearm, dis-
tinguished two latency periods. He reported a time delay of one to two minutes
between stimulation and the emergence of sweat, and several more minutes before
the sweating level achieved a steady state. Both time lags were greatly reduced in
consecutive stimulations. The first latency was suggested to be the time required to
fill the duct with sweat, and the second latency to be the time needed for epidermal
hydration. From the correlation between the two latency periods and the time
between each successive stimulus, Bullard (1971) estimated a time of =20 minutes
for a duct to completely empty itself. The estimation is based on the assumption that
the ducts are normally erﬁpty for a person at rest. Lloyd (1959) , using the footpad
of cat, reported a time of =75 minutes for complete sweat reabsorption. There is no

evidence that the ducts are actually ever emptied of liquids. The latency may be due
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to physiological factors.

Attempts to measure quantitatively the transepidermal water loss have gen-
erally been performéd by some sort ot" sweat gland activity inhibition. These include 7
iontophoresis of formaldehyde (Pinson, 1942), and topical application of anticho-
linergic compounds such as poldine methosulphate (Grice and Bettley, 1966; Bett-
ley et al., 1967; Grice et al., 1971; 1972) or benzoyl ester of scopolamine (Baker
and Kligman, 1967). Pinson (1942), using anodal cataphoresis of formaldehyde,
reported no differences in the rate of insensible perspiration before or after the'txteat-
ment. Hence he concluded thz;t sweat glands were not involved in cutaneous water
loss. The use of iontophoresis, however, may damage the tissue, as is evidenced by
\ the fact that ui)on enhanced treatment the skin became dry and scaly, and the rate of
water loss was increased (Pinson, 1942). Grice and Bettley (1966), applying pol-
dine methosulphate, reported an average water loss of 151 g/day, =25% of the total
cutaneous water loss. They 'atu'ibuted the amount to transepidermal water migration.
While the use of such an anticholinergic substance may impair the secretory activity
at the basal portion of the coiled duct, there may be other pathways by which water
migrates into the duct lumen and be evaporated into the ambient. The existence of
such pathways would be discussed in chapter 4. It should be recognized, at this
point, that results obtained using the aforementioned method may not be a true indi-

cation of the process of transepidermal water loss.



3.4. Characteristics of the stratum corneum

It has been generally accepted that the principal diffusional barrier of the skin
resides in the most superficial layer of the epidermis, the stratum corneum. This is
shown by the fact that on removing the layer, water loss rates are greatly enhanced.
At the same time, sebum which is usually present on most skin surfaces apparently
does not function as a barrier, as no significant reduction in water loss was found
until the amount of sebum added (30 thickness) was mo,re than 10 times the usual
amount (0.4 to 4 um thickness) (Tregear, 1966). The precise nature of the barrier,
however, still remains unresolved. Blank (1953), using a serial stripping technique, |
found that the rate of water diffusion was unaltered until the whole stratum comeum
layer has been removed, at which time the diffusion rate was dramatically
increased. He therefore concluded that the barrier was located in the innermost
layers ‘of the stratum corneum. This view was confirmed by Kligman (1964) and
Scheuplein and Blank (1971) who argued that if the stratum corneum were a uni-
form barrier, it would not be until the last layers were removed that there would be a
sudden and marked increase in water loss. Some investigators (Jarrett, 1980) how-
ever maintained that the barrier nature of the stratum corneum is uniform and
homogeneous. This view appears doubtful since the degree of consolidation of the
stratum corneum decreases outward.. With adhersive tape stripping, each succeeding
strip removed less than the previous one (Kligman, 1964). This has been suggested
as evidence that the.cells are more tightly bonded with increasing depth. The cohe-

sion gradient is gradual and continuous. Serial stripping is a primitive method with
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inconsistent and low reproducibility results. | Skin surface contours may also lead to
uneven sampling for each strip. The method, however, is simple and direct. In
addition to the variation in packing and cohesiveness, cells in the inner layers have
a ﬁner kératin matrix (Tregear, 1966). Therefore even though the stratum corneum
acts as a diffusional barrier on the whole, its resistance is expected to increase with

increasing depth into the skin.

There are two possiblg routes by which water can traverse in the Suamm cor-
neum. :It can either penetraie through the cells (Kligman, 1964) or a1.c>ng the narrow
and tortuous intercellular channels (Tregear, 1966) which are =4 pum wide. The
latter route seems improbable since the water present in the stratum corneum would
be "bound" (Walkley, 1972; Andeson et al., 1973). Rothman (1954) hés also sug-
gested that the transepidermal water loss is mainly a result of keratinization of the
cells advancing to the surface. While this process may provide part of the lbs.s, the

amount is too small for it to account for insensible perspiration.

The question remains as to which component (or components) in the stratum
corneum inhibits water migration through the skin. Each cell in the stratum cor-
neum consists of basically three components: the keratin itself, a non-keratinous
shell surrounding it, and inter-cellular desmosomes. In addition, lipids are present
in the intercellular spaces. The lipids are in the form of triglycerides, free fatty
acids, free sterols and sterol esters. It has been suggested that this mixture of. lipids

is responsible for the low water permeability of the skin (Grice, 1980). In vitro stu-
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dies (Grice, 1980) showed that soaking stratum corneum in acetone or chloroform
alone did not alter the diffusion rate. However, when a mixture of chloroform and
methanol was used, the rate of water loss was greatly enhanced (change from 2 to
~30 g/m2-hr). Similar results were obtained by ‘El-Shimi and Princen (1977) on
guinea pig and Imokawa and Hattori (1985) or; human comeum. It was suggested
that lipids complexed with proteins or carbohydrates in the stratum corneum are‘
usually insoluble in solvents such as acetone or chlorofc;rm. But a chloroform;
methanol mixture is both a pol-ar and non-polar solvent and is thus able to remove
the hydrophilic complex lipids (Grice, 1980). Another study of interest is that rats
fed on a diet deficient in essential fatty acids had an in;paired water barrier and con-
sequently an increased water‘loss rate (Prottey, 1977). Though these studies seem to
indicate that lipids play an important role in preventing water efflux, more work has

yet to be done before the precise nature of this barrier is elucidated.

Studies on the characteristics of the stratum ;:omeum have generally been
concentrated on the sorption-desorption behavior of water (El-Shimi and Princen,
1977, 1978; Wurster and Yang, 1982) in excised human or guinea pig skin. Such
isolated pieces not only contain stratum corneum layers but also other structures
such as eccrine glands and hair follicles, which might provide alternative routes for
water movement. Neverthele'ss, values for the diffusion coefficient are obtained
from such sorption-desorptioﬁ isotherms. In general the diffusion coefficient
increases with the water content of stratum corneum, taicing into account its swel-

ling behaviour. Blank et al.’s (1984) measurements of tritiated water migration
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through pieces of stratum corneum showed that the flux decreases as the water con-
tent of stratum corneum increases. The unexpected result could be explained. by
their method of evaluating the diffusivity. The molar flux of water (N,) in a binary

system is given by (Bird, Stewart and Lightfoot, 1960j,

axA
Np=~Dypc a—z' +x4 (Ny +Np) (B4

where D4p is the diffusion coefficient of A in B and c is the concentration of the gas
mixture. In stratum corneum water is the only moving component and therefore Np

=0 and hénce,

—c Dap 0x4

A—

= % 63

Blank et al. (1984) assumed that the mole fraction of water, x4, was small
and therefore 1-x4=1. This is not true since the water content of stratum corneum
can become considerably large. Both the gradients and absolute values of moisture
content would have to be determined in order to evaluate Dyp given thth Ny in

equation (3.5) can be measured.
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CHAPTER FOUR

MODELLING AND ANALYSIS

In this chapter, the formulation of the problem is presented. Detailed
mathematics and computational schemes are described in Appendix A and B.

Results from the analysis will be presented in the next chapter.
4.1, Introduction

The analysis is based on the premises that eccrine glands are balways filled
_ with sweat to various levels at any time, and the lumena of eccrine ducts open to the
ambient and therefore offer low diffusional resistance to water vapor fluxes. An
evicience in support of the continuous presence of aqueous solutions in the ducts is
that the p-alms and soles are normally always moist. On these surfaces, the eccrine
gland density is high, sweat gland secretion is known to be continuous yet liquid
droplets are not apparent on the surfaces (Montagna, Ellis and Silver, 1962). Meas-
ured rates of insensible perspiration are also high (Kuno, 1956). It is here suggested
that the glands on other surfaces of the body have similar characteristics though the
rates of secretion of the glands would be lower than on the palmar surface. The con-
tinuous secretion would be the primary source for replenishing the water evaporated

and contributions may be made by other tissues.

The "empty duct” theory, as proposed by Lloyd (1959; 1961), was based on
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the obsewaﬁon that a latency period was required between electrical stimulation
and appearance of observable sweat droplets on the surfaces of cat fpot pads. Such
delay, ilOWCVGI', may be due to other reasons. The local capilllxry blood flows would
require time for readjustment. The glomerular secretory coil response to the stimuli
may be slow and an increase in the migration rates of fluids across the connective
tissues between the blood vessels and the sweat glands may not occur the instant the
stimuli are appiied. The method of detection is subjective and errors of time meas-

urement could be significant.

Another evidence is that a significant amount of water loss occurs when the
ambient water vapor concentration is equivalent to that of pure water at skin surface
| temperature (Rothman, 1954; Buettner, 1953; 1959; Bettley and Grice, 1967; Good-
man and Wolf, 1969; Kerslake, 1972). The appreciable water loss suggests that the
primary vapor source is at a higher temperature .than the skin surface temperature.
This is consistent with the model that sweat liquids retracted into the skin would
evaporate at a temperature attained by the luminal cells adjacent to the free liquid

surface.
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4.2, Anatomic and Physiological Considerations

The rates of water loss through the eccrine glands and the significance of the
various anatomical features of these organs are of primary interestl The focus is o.n
the upper portion of the duct, the "epidermal eccrine sweat duct unit". Complex
processes of secretion and reabsorption of various ions anci o_rgaﬁic substances take
place in the coiled and straight portion of the duct (Cage and Dobson, 1965; Sato
and Dobson, 1970; Sato, Dobson and Mali, 1971; Mangos, 1973; Odland, !983;
Schwarz and Simpson, 1985). These processes are not included in the current
analysis since the absorption rate of solutes is inversely correlated to the sweat
secretion rates when the sweat appears at the skin surface. At low sweat liquid
secretion rates, all solutes are expected to be re-absorbed. Only the evaporative pro-

cess for water is considered.

| Under the conditions chosen, a meniscus of the sweat liquid column in the
duct is assumed maintained at a constant position. TI;at is, a continuous slow basal
rate of liquid influx into th.e lumen of the secretory coil occur:s (Jurgensen, 1924;
Vasti, 1932) and this is balanced by the reabsorption of part of the liquid in the duct
(Mangos, 1973), evaporative losses to the ambient, condensation of the vapor onto
the luminal lining of the periductal surface, and lateral dispersion into the stratum
corneum. If the sweat liquids are secreted into the duct lumen in a periodic manner
(Randall, 1946; Nicolaidis and Sivadjian, 1972), the time constént is considered to

be much shorter than for the evaporative process that the meniscus location is con-
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sidered unchanged over an interval of interest. Over a long time, the meniscus posi-

tion would not be fixed. It may rise or fall in the duct.

The dilute sweat solution is assumed to have colligative properties of pure
water. Normal surface sweat contains 99 to 99.5% water, the balance being salts
and organic substances. Solute concentrations have been found to increase with
sweat production rates and the current assumption is equivalent to stipulating negli-
gible solute concentrations when the liquid does not flow to the skin surface. Sur-
face active ag;ents are also assumed absent at the meniscus as these would lower the

liquid‘ vapor pressure. Otherwise the vapor pressure of water would be reduced.

Electron micrographs of eccrine ducts show non-circular cross-sections. This
may be due to the tissue handling techniques. The circularity is in itself not impor-
tant except at the location of the meniscus where variable curvature of the free

liquid surface could result in spatially dependent evaporation rates.

Conditions which induce vaso-constriction or dilatation of the cutaneous
plexus are assumed absent. That is, a normal blood supply to the dermal ﬁésues as
well as the intradermal portion of the straight eccrine duct is assumed. Thus the
temperature profiles through the skin and the thickness of the léyers would remain

unchanged.

The analysis presented is for two limiting cases of insensible perspiration. The

first case involves the meniscus being retracted into the duct to the neighbourhood
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of the dermo-epidermal junction. Microvilli in the duct would be exposed to gases
under this condition. For the second case, the meniscus is located at the pore rim.
Lateral dispersion of liquid into the stratum corneum would then occur and the sur-
face area for water evaporation is increased. Gross rates for the two cases will be

compared with typical values quoted in the literature.

When the meniscus is retracted into the duct, its position is important in deter-
mining the water loss rate. The intra-epidermal eccrine duct is a helix with a radius
which is 1 to 2 orders of magnitude greater then the luminar diameter. Straightening
the duct effectively at an oblique angle through the epidermis would not change the
physics of the problem. The cross-sectional area of the channel is also assumed to
increase uniformly from the dermo-epidermal boundary to the skin surface. The
hydraulic diameter of the duct at the dermo-epidermal junction is usually between 3
to 5 m, while that at the pore rim is about 15 pm before it rapidly enlarges to about
72 um. Therefore a divergence ratio of 3 to 5 is prescribed. The abrupt, funnel

shape enlargement at the pore rim is ignored in the analysis.

The surface of the duct above the meniscus may act as a sink or a source of
watér vapor to modify the concentration gradients within the lumen. Luminal cells
of the stratum granulosum have characteristics of the stratum corneum and can thus
absorb the vapof. Vapor diffusing outward may also condense on this surface
which is a little colder than the site 6f evaporation. Closer to the pore mouth, vapor

may be absorbed by the keratinized cells and dispersed into the stratum corneum.
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This water ultimately evaporates into the ambient. The dispersion of water into the
stratum corneum is, however, not expected to be significant except when the men-

iscus is displaced close to the skin surface.

To simplify the analysis, the periductal surfacé above the meniscus is
assumed to be in chemical equilibrium with respect to water vapor at local condi-
tions. Thus lateral processes such as absorption, adsorption, condensation or eva-
poration are assumed negligible. Finally, the narrowness of the duct (3 to 15 um) as
compared to the total length (=800 um) suggests that a one-dirhensioridl analysis

would be adequate.
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4.3. Material Balances

For the analysis, the heat and mass exchange between the skin and the
ambient gases have been decoupled. 'i‘he coupling makes the problem significantly
more difficult without accurate data on tﬁc thermal conductivities of the different
layers of the skin, and the permeation rates of aqueous solutions within the connec-
tive tissues. In any case, what is being examined is a rational way of describing
insensible perspiration. As indicated earlier, only about 24% of the metabolic
energy release can be attributed to evaporative losses from the skin. The balance
occcurs by conduction over the large surface area of the skin. The sweat glands are
microscopic organs which would withdraw thg energy required for vaporization
from the massive surrounding tissues without significantly altering the cutaneous

temperature field.
4.3.1. Case with meniscus retracted but microvilli submerged in liquid

This state is schematically illustrated in Figure 4.1. The one-dimensional
steady transport of water vapor in the narrow but divergent helical coil by molecular
diffusion, with the vapor source at a meniscus below the skin surface, satisfies the

diffusion equation :
S NAlz -S NAlz+Az =0 4.1)

in the region excluding the vapor evolution sites. For stagnant air the molar flux

(IV4.) of the vapor is given as (Bird, Stewart, and Lightfoot, 1960):
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STRATUM CORNEUM
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—
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N

DERMO-EP IDERMAL BOUNDARY

Figure 4.1 : Schematic diagram showing the model for the case when the meniscus
is retracted into the eccrine duct with microvilli submerged.
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—Cc Dpp dxy

NAz =

1-x4 dz (4.2)

where c is the molar concentration of the gas mixture, x4 is the mole fraction of
water vapor, and Dgp is the diffusion coefficient for water vapor in air. The local

cross-sectional area (S,) is given as:
S, =nr? . (4.3)

and f, the local hydraulic radius of the duct, is givén as:
oz
r=r, [1+(’y— l)fjl 4.4

where r, is the radius of the duct at dermo-epidermal junction, L is the total length
of the helical duct, and v is the ratio between the pore mouth radius (r;) and the

straight duct radius (r,).

On substituting expressions (4.2), (4.3) and (4.4) into equation (4.1) and sim-
plifying, with the assumptiori of constant ¢ and Dyg, the following ordinary dif-

ferential equation with transformed variables is obtained:

2
y=1]* [z 42T ar| _ v
[ L ] {T T (4.5)

where

=1+ (y; 1) [ﬂ (4.6)

and
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T=In(1-x4) @

"The solution to (4.5) is of the form

A 4.8
where C; and C, are integration constants to be determined from the boundary

conditions.

The relevant boundary conditions are prescribed at the outlet of the pore and
at the source of vapor generation, the meniscus. The former is dependent on the
ambient temperature, relative humidity and air velocity. A slow, yet sufficient air
stream above the mouth would be assumed so that the mole fraction of water vapor
in ambient air is the same as that at the pore mouth. The second boundary condition
depends on the local skin temperature at which the vapor is generated. The tem-
perature at the free surface location determines the vapor pressilre and consequently
the Jocal evaporation rates. It is therefore necessary to determine the temperature
profile along the eccrine duct. Since experimental data are unavailable, the tem-
perature profile along the helical duct. in the avascular epidermis is assumed to be
the same as for the neighbouring epidermal cells. The temperature proﬁle for the
intradermal straight duct would be prescribed by the arteriole plexus surrounding it.

The latter will be calculated.

On incorporating the two boundary conditions into equation (4.8) and simpli-

fying, the following expression is obtained:
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1, -1
C(mxl)t P

~1_y —1
(L—xg)t P I
(L—xp0)¥ 7

(4.9)

where v, is the ratio of the radius of the channel at which the meniscus is located to
the radius of the duct at dermo-epidemal junction, x4, is the mole fraction of water
vapor in equilibrium with local liquid interface, and x4., is the mole fraction of
water vapor at pore mouth. On rearranging equation (4.9), the mole fraction of
water vapor at any position along the duct lumen is given as:

x4 =1—exp(Fx) (4.10)
where
(1, ™) In (1 —x4.) — (F 'y 1) In (1 - x4,)

Fx = R 4.11)

The gradient at any location is given by:

A 2 (y-1), (I-xp.)
—_— 1n
P v wv Sy S P

(4]

(4.12)

The molar flux (NV4,) as prescribed by equation (4.2) can thus be evaluated from
equations (4.11) and (4.12). Further details on the derivation of equations are given

in Appendix A.
4.3.2. Case with microvilli exposed to gases

In the foregoing, the microvilli were submerged in the liquid and do not affect
vapor loss from the body. However, when the meniscus is rctract;ad below the

microvilli, these moist convex surfaces with high curvature are exposed to gases



59

and the water vapor in the région they occupy may be supersaturated (Thomson,
1871; Thoma, 1933). Bi-directional movement of vapor, out of the skin and down
towards the meniscus, could tilen occur from this zone. At the meniscus, such
vapor would condense to maintain the meniscus at a relatively stable position. The

vapor pressure in equilibrium with the microvilli would be given by (Thompson,

20V,
Pm =P, €xXp [m% (4.13)
m m

where P, is the vapor pressure above a flat surface of the solution, ¢ and Vy, are the

1871; Keenan, 1970):

surface tension and the molar volume of the liquid, r,, is the radius of curvature of
- the curved surface, R is the universal gas constant, and T, is the local temperature
in the region of microvilli. The nature and source of the water e\(aporating at the
site, whether it is intercellular or intracellular, is important since both P, and Vj,
decrease in the presence of solutes while ¢ may either rise or fall (Hammel and
Scholander, 1976). At 25°C, the water vapor pressure in equilibrium with connec-
tive tissue has been reported to be around 24.6 mmHg. The corresponding vapor
pressure in equilibrium with a flat surface is =26.7 mmHg. Consequently, pure
watel: is assumed to be vaporized from the microvilli. The ions and other solutes are
assumed totally re-absorbed. A dense population of microvilli is required for super-
saturated vapor to fill the duct segment. This appears to be the case from studying

Zelickson’s relectron micrographs (1961).



60

4.4. The Temperature Profile Along The Eccrine Duct

The temperature at which water would evaporate from the meniscus retracted
into the eccrine duct depends on the distance into the skin to which the meniscus is
withdrawn. The temperature would be prescﬁbed by the temperature profiles for the
arterioles that enveloped the duct. These profiles would in turn be determined by the
spatially dependent temperature patterns in the skin tissues, and préperﬁes of the
blood and the vessels. It is required to obtain the temperature profile in the eccrine
duct since a 1°C rise in temperature would correspond to a 6% increase in vapor
pressure. For the present analysis, the intradermal duct temperature profile would

be assumed equivalent to that for an adjacent 50 pm diameter arteriole.

The steady energy equation for blood flow in an arteriole traversing the

dermis, in cylindrical co-ordinates, is given as (Kays and Crawford, 1980):

PT 1 9T

u
P @19

where u and v are the velocity and thermal diffusivity of blood. A two-dimensional

domain is considered due to azimuthal symmetry. Equation (4.14)- is non-

'dimensionalized as follows:
+_ T .
r r 4.15)
+  Zlny

(4.16)
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_ T -Tyz)

0=— 277
T, -Ty(2)

4.17)

* where Re and Pr are the Reynolds’ and Prandtl numbers, 7, is the radius of the
vessel, T, is the blobd entrance temperature, and T, is the local tissue temperature.
With the assumption of a parabolic velocity profile in the arteriole, the following

equation is obtained:

20 1 90 o] 0@ | 1-@ O]
—_— e —=(1- +
o T o T e YIS o) (-18)
The boundary conditions are:
(i) at the wall, convective condition
oT
-k Wrww =hy Ty —T}) 4.19)
or
oT Bi
-gjmw = (T —Ty) (4.20)

where the Biot number, Bi, is the ratio of actual heat conductance outside the chan-

nel to the conductance due to molecular transport alone.

(ii) at centre-line, symmetry condition
oT ’
] = O . .
5 lr=0 (4.21)

(iii) at entrance, constant entrance temperature

T, =T, (4.22)
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where k is the thermal conductivity of blood and h,, is the heat transfer coefficient
of arteriole wall. Equation (4.18) is solved by a finite difference numerical tech-

nique. Details are presented in Appendix A.

The tissue temperature profile, T;(z), remains to. be specified. As noted in
Chapter 2, such profiles depend on both external and physiological conditions of an
individual. Thus there is no universal pfoﬁle. The data of Bazett and McGlone
(1927) (Figure 2.3) would be assumed as representative and one of his curves was
fitted by polynomial regression using the method of least squares. The experimental
curve was for the forearm region when the subject was comfortable with the
environment. A regression curve to the sixteenth order was found to fit the more
than 20 experimental data points best. The experimental and the polynomial regres-
sion curve fit are shown in Figure 4.2 for comparison. The regression curve was
applied so that numerical solutions could be compared to analytic’solutions of a less
involved problem. The maximum for the polynomial fit is about 3.8% lower than
for the experimental data, the cusp hasl been rounded and the locus of the maximum
has béen shifted by =200 um deeper into the skin.-The application of the regression
equation has been restricted to a distance of 3.6 mm into the skin which normally

would include all of the epidermis and dermis.
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McGlone (1927) and its best fit using polynomial regression. The experimental
curve is for forearm and was plotted as curve b in Figure 2.3.



4.5. Case with meniscus displaced to the skin surface

When the meniscus is displaced to the skin surface, the upper limiting case of
“ insensible perspiration, the iateral dispersion of liquid into the stratum corneum
“becomes significant. The stratum comeum is anisotropic, and the squamous cells
from which this layer is constituted has a diameter which is approximately 50 times
the thickness. These are stacked as scales and lateral migration of water should be
easier than in the vertical direction normal to the skin. The water dispersed into the
stratum corneum would ultimately be evaporated from the skin surface. Thus a

larger surface area is made available for evaporation.

A schefnatic diagram of the geometry is,' shown in Figure 4.3. The meniscus is
assumed to have a hemispherical surface and the contact angle at the wall is zero.
At this limiting position, the meniscus is assumed maintained by'a higher rate of
secretion at the coil. The steady two-dimensional molecular diffusion of water
vapor into the ambient, in cylindrical co-ordinates, may be described with the fol-

lowing equation:

O(r Np,) Ny,
+

5 o 0 (4.23)

1
"

. The molar fluxes (N4, and Ny,) are given by expressions similar to equation
(4.2), for stationary air, component B. On substituting the appropriate flux expres-
sions into equation (4.23) and assuming constant ¢ and Dp, the following non-

linear partial differential equation is obtained:
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‘Figure 4.3 : Schematic diagram showing the model for the case hwhen the meniscus
is displaced to the skin surface. The domain of interest is divided into 3 regions as
shown.
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1 oxy L1 9%x4 1 axA-l 2
rea—=1 or  (xa-1 or2 (x4 -1)? arJ
l1 9%xa 1 axA] g
- =0 :
TE@-D 922 17 [ o | (4.24)

Due to the microscopic size of the pore, diffusion of water vapor is treated as
occurring in a semi-infinite domain. On average, the distance separating two adja-
cent sweat glands is =800 um. Even in the palms and soles with the highest density
of sweat glands (= 620/cﬁ2; Szabo, 1962), the average distance is greater than =400
um, which is more than 20 times the size of a pore. Interference between neighbour-
ing glands is considered absent. Specialized structures such as hair follicles or
sebaceous glands are assumed to present no barriers to water migration in the stra-

tum corneum.

Equation (4.24) is solved numerically. As indicated in Figure 4.2 the cflomain"
has been divided into 3 regions. The following co-ordinate system has been applied

to each:
MDr-andz-,0<r<f,,f; <z<rg

where f, and f, describe the distances at any point on the curved meniscus surface
from the origin and they are related by:
fr2 + (rs ""-'fz)z = rsz (4.25)

The treatment for this curved boundary is shown in appendix B.
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(2) In this region the z- co-ordinate goes to infinity. This co-ordinate is

| transformed using the following expressibn (Vrentas et al., 1966; Wagner, 1975):
B=tanh (bz) - (4.26)

where "b" is a stretching parameter. Therefore the co-ordinate system in this region

is given by:

r—and -, 0<r<r; tanh(br;)<B<1;

(3) In this region both the r- and z- co-ordinates have to be transformed. The z-

transformation is given by equation (4.26) and for r-, it is given by:
o = tanh (ar) 4.27)

where "a" is again a stretching parameter. With a proper choice of a and b, the
region near to the pore can be amplified. The co-ordinate system in this region is

given by:

o and B-, tank(ar) S < 1, tank (bry) SB< 1;

Explicit expréssion of (4.23) applying to each region is given in Appendix B.
The appropriate boundary conditions for the whole domain would now be

described:

- (D) atr =0, 0 £z < oo, centre-line symmetry;

7 (4.28)
or
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(i) at r = f;, z = f, constant vapor mole fraction in equilibrium with liquid inter-

- face;
XA =Xp0 (4.29)
(iii) at T = oo, ry £ z < oo, coOnstant ambieqt vapor mole fraction;
XA = XA (4.30)
(iv) at z = o0, O <T < oo, constant ambient vapor mole fraction;
XA X400 | (43 1)

The assumption of constant x4, atr = o and z = o implies a large uniform
reservoir surrounds the body. Air currents which would have the effect of modify-

ing the concentration field have been neglected.
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4.5.1 Boundary condition at the surface of the stratum cornenm

The boundary conditions described above (4.28 - 4.31) are necessary but
insufficient for the solution to equation (4.23) to be obtained. The condiﬁ;n at.the
surface of stratum corneum is reciuired. Water is expected to infiltrate laterally from
the pore into the keratinized cells of stratum corneum and be evaporatéd at the sur-

- face. Thus the stratum corneum acts as an extended surface for evaporation.

An important characteristic of the stratum corneum s its ability to swell upon

" absorbing water. The swelling may cause the duct lumen diameter to decrease. In
vitro studies on stratum corneum from abdominal skins by Robbins and Fernee
(1983) showed that the swelling is anisotropic. The surface area of the stratum cor-
neum increases up to =20%, while the thickness changes by as much as 200%. This
effect has not been included in this analysis. The wrinkled appear';mce of the palm

of a hand soaked in water for a long time is a consequence of such swelling.

In vivo concentration profiles of water across the stratum.corneum are una-
vailable. Since the layers are relatively thin (=10 im) in most parts of the body sur-
faces, the migration of water through the layer is treated as one-dimensional. The
steady, one-dimensional diffusion equation governing the lateral migration of water
in the étramﬁn corneum, in conjunction with the evaporative loss into the ambieqt
from the surface of which evaporation occurs in the neighbourhood of the eccrine

pore is given as:
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a(rng,) + N4z

1
r or Z

=0 - (4.32)

where Z is the thickness of stratum corneum. Mass fluxes (rny4, and n,4,) are used in

place of molar fluxes in this formulation. The mass flux terms are given by:

- Ps Ds a(")As _
ik v (4.33)
and
- MW,scD 3x
Nap = A_ AR A (4.34)

1 — XA 0z

where p; is the density of stratﬁm corneum, Dy :;md Wy are the diffusivity and mass
fraction of water in stratum corneum, and MWy is the molecular weight of water.
Both p; and bs are strong functions of Wy, and therefore could not be treated as
constants. Data on abdominal skin patches reported by Blank et al. (1984) would be
used. Figure 4.4 shows the correlation between the density of stratum corneum (p;)
and the mass fraction of water bound in the stratum corneum (0,4) at 31°C. Blank
et al. (1984) assumed that the volume of the wet stratum corneum is the sum of its
dry volume and the volume of the absorbed water. Absorption compression of the
bound water makes this assumption iniprobable. Blank et al. (1984) also assumed
implicitly that equimolar counter-diffusion occurred in the ﬁssue§, ie., ng = -np.
Water is the only component in transit. Thus the calculated diffusion coefficient
values, D;, have to be modified. Diffusivity values of water in stratum cormneum
corrected for the mass fraction are presented in Figure 4.5. These values were

obtained by dividing the original values with (1-@,4). A further adjustment to these
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Figure 4.4 : Density of stratum comeum vs. mass fraction of water in stratum cor-
neum. Data from in vitro studies of Blank et al. (1984).
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values was made because migration of water in the lateral direction of interest is not
as restricted as in the direction normal to the layer for which the data was collected.
The coefficient in any direction is assumed to be invefsely proportional to the
corresponding length of a dead keratinocyte cell in that direction. This adjustment,
on geometrical consideratioris, is based on the premise that major resistances to dif-
fusion reside inter-cellularly rather than intra-cellularly. A typical cell is 25 urﬂ
wide and 0.5 pm thick (Tregear, 1972). Value for the diffusion coefficient in the

lateral direction is therefore taken to be 50 times the value in the vertical direction.

The r- and z- co-ordinates are transformed into the o- and B- co-ordinates
using expressions (4.26) and (4.27), to be consistent with the co-ordinates used in

region 3 of the domain. The boundarir conditions prescribing (4.32) are:

(i) at z = rg, 1 = r;, constant mass fraction in stratum corneum in equilibrium with

sweat liquid interface;

Ops = g, C (435)
(ii) at z = oo, 1 = ry, constant mass fraction in stratum corneum in equilibrium with
ambient vapor mole fraction;

Dps = Dpgon ' O @436)

Both conditions are evaluated at skin surface temperatures. The first boun-
dary condition corresponds theoretically to maximal hydration in stratum corneum.

1t has, however, been demonstrated that a piece of stratum corneum, if left alone for
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days, can absorb water to many timés its own weight before disintegrating. Such
conditions are not expected fo be encountered for living skin. The data reported by
Spencer et al. (1975) were used. The equilibrium data were obtained at 20, 30 and
35°C ambient temperatures. The data has been re-plotted in terms of the Jmass frac-
tion of water in stratum corneum versus the mole fraction of water in ambient gases.
The results are presented in Figure 4.6. At other temperatures, interpolation was

applied.

Equation (4.23) with the appropriate boundary conditions is solved using
finite difference numerical technique involving the Newton-Raphson method. The
Jacobian matrix were evaluated each time by the iterative method of Gauss-Seidel
with Successive-Over-Relaxation (Smith, 1965). The results are presented in the

following chapter.
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Figure 4.6 : Mass fraction of water in stratum corneum vs. mole fraction of water
vapor in ambient. Data from in vitro studies of Spencer et al. (1975) at 20 (curve

1), 30 (2) and 35 (3) °C.
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CHAPTER FIVE

RESULTS

The concentration profiles in and rates of water loss from single eccrine
glands with characteristic dimensions are presented in this chapter. Total insensible
water loss fates (Q4) for the three million glands indicated to be in the skin were
then estimated on an assumption of equal physiological performance and similar
anatomy. Such rates could then be compﬁed to experimental results in the litera-

ture. The effects of variations in internal and external factors are also examined.
5.1. Case of sweat liquid withdrawn below the skin surface

The water vapor concentration profiles within the helical duct for four boun-
dary conditions are shown in Figure 5.1. The concentration profiles are non-linear
along the duct lumen. The conditions chosen for the calculations were an ambient
temperature (T ..) of 25°C, the pore mouth radius (75) of 7.5 pm and the duct radius
(r,) at dermo-epidermal boundary of' 1.5 pum. The latter two figures indicate a diver-

_gence ratio () of 5. The diffusivity of water vapor in air at 25°C was found (Perry
and Chilton, 1973) to be =2.62x10~% m2/s and the concentration of the gas mixture
was calculated to be 40.87 gmol/m>. The overall length of the duct was taken as
800 pm. ‘.
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Figure 5.1 : Concentration profiles for water vapor in the helical duct of an eccrine
gland. For curves 1 and 2, the meniscus was located at a linear distance (z,) in the
duct of 200 um from the dermo-epidermal boundary. The vapor would diffuse
through a distance of 600 pm in the epidermis which may only be 50 pm thick. The
microvilli are assumed submerged in sweat liquids. For curves 3 and 4, the men-
iscus is retracted to the dermo-epidermal junction. The conditions for the curves
are : 1 - meniscus temperature (T,) = 32°C, ambient temperature (T..) = 25°C and
ambient relative humidity (RH) = 0%; 2 - T,, = 32°C, T .. = 25°C and RH = 60%; 3
-T, =33°C,T.. =25°C,RH =60%; 4 - T, = 35°C, T, = 25°C and RH = 60%. For
all the curves, the lumen divergence ratio (y) was 5 along the length of duct.
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For curve 1 in Figure 5.1, the meniscus was located at 200 pum along the duct
lumen from the dermo-epidermal junction, i.e., such that the microvilli are just sub-
merged in the liquid. The temperature at the location of meniscus (T,) was 32°C
and the ambient rclz;.tive hﬁnﬁdity (RH) was taken at the extreme value of 0%. The
water loss rate (Q4) estimate is =1.2 g/hr for 3 million glands at these conditions.
Curve 2 is for similar conditions but at a relative humidity of 60%. For this case Q4

is =0.7 g/hr, or 58% of the value for curve 1.

For curves 3 and 4, the meniscus was located at the dermo;epidermal junc-
tion. Thus the microvilli are now exposed to the gases. The microvilli are assumed
to occupy 10% of the total length of the duct and the base is 15% above the dermo-
epidermal boundary. For the calculations, the micrbvﬂli had a 0.01 um radii (r,,,)
and were at 32°C. At tﬁis temperature, the surface tension (6) and molar volume
(V1) of liquid water are 0.071 N/m (Weast; 1976) and 1.81 x 107 m3/gmol respec-
tively. Using equation (4.13) the supersaturated vapor pressure in the region of
microvilli (P,,) is =1.106 P,. This is =1.71 mmHg higher than at the meniscus at |
33°C. Thus the flux of vapor for curve 3 is both out of the skin and towards the
meniscus where condensation would occur. The inward flux would effectively regu-
late the position of the meniscus while the rate of flux out of the skin would be con-
stant irrespective of the posiﬁon of the meniscus as long as other conditions remain
unchanged. Q4 was calculated to be =0.84 g/hr, or 20% higher than that for curve .
2. The conditions for both cases (2 and 3) are otherwise identical. For curve 4, the

temperature at the location of the meniscus (T,) was 35°C. In this case water
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evaporates from the meniscus. Part of the vapor would condense on the microvilli,

with the rest diffusing outward.

The effect of the location of the meniscus along the duct lumen from the
dermo-epidermal boundary is shown in Figure 5.2. The meniscus position was
varied from 200 to 750 um along;the duct lumen from the dermo-epidermal junc-
‘tion. Other conditions are : T, = 32°C; T, = 25°C; RH = 60%; vy = 5. The curve
shows that the water loss rate 'increases slowly and almost linearly in the first 250
pm, after which the increment is exponential and rapid. Therefore when the men-
iscus is normally retracted into the duct below the stratum corneum, Q4 would vary

between 1 to above 20 g/hr, for the specified ambient comditions.

The effect of the ambient water vapor content on the rate of water loss is
shown in Figure 5.3. The two curves presented are for the menisc;u; at 32 and 34°C
respectively, t;)ther conditions being as follows : T., = 25°C; Z, = 200 um; vy = 5.
As expected, the vapor loss varies linearly with the ambient water vapor concentra-
tion. For the conditions given, a 10% increase in relative humidity reduces QA by
about 0.08 g/hr. The higher water loss for T, at 34°C corresponds with the increase

in vapor pressure, which is about 12%.
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from dermo-epidermal junction, um

Figure 5.2 : Estimated rates of water loss from 3 million eccrine sweat glands vs.
the location of meniscus along the helical duct lumen from the dermo-epidermal
boundary. The helical duct diameter increased from 3 to 15 pm from the boundary
to the pore mouth. The meniscus was within the epidermis at 32°C, the ambient
temperature and relative humidity were 25°C and 60% respectively. The rates of
water loss were essentially constant at ~1 g/hr for the menisci retracted below the
‘dermo-epidermal boundary.
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Figure 5.3 : Estimated rates of water loss from 3 million eccrine sweat glands vs.
mole fraction of water vapor in ambient. The two curves are for meniscus tempera-
tures of 32 (curve 1) and 34°C (curve 2) respecnvely For both curves, zo = 200
pm,y=S5,and T, = 25°C.
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The effect of the change in divergence ratio (y) was also examined. This
change can be accomplished by either a change in thé straight duct diameter (r,) or
the pore rim diameter (r;). Figures 5.4 and 5.5 show respectively the effects of vari-
ations in r, and ry; on Q4. The conditions are : T, = 32°C; T., = 25°C; RH = 60%.
For the former graph r, was varied from 0.5 to 3 um, equivalent to a change in vy
from 15 to 2.5, For the latter r; was varied from 4;5 to 15 um, conespogding to a
change in y from 3 to 10. From Figure 5.4 it is observed that Q, increases linearly
with r,. Extrapolating the curve towards the y-intercept indicates that a water léss
of =0.4 g/hr exists when r, — 0. Equation (4.4) is not valid at this extreme since y
also approaches inﬁnity. The results, nonetheless, indicates that even whcn' the
straight duct lumen is highly constricted, appreéiable water loss persists. A widen-
ing of the pore mouth indicates a more complex relationship between Q4 and r,.

The curve is not linear but passes through the origin when extrapolated.
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Figure 5.4 : Estimated rates of water loss from 3 million eccrine sweat glands vs.
straight duct radius (r,). The straight duct radius was varied from 0.5 to 3 fm,
equivalent to a change in lumen divergence ratio (z,) from 15 to 2.5. Other condi- 7
tions are : z, =200 um, T, = 32°C, T.. = 32°C and RH = 60%.
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Figure 5.5 : Estimated rates of water loss from 3 million eccrine sweat glands vs.
pore mouth radius (r;). The pore mouth radius was varied from 4.5 to 15 pm,
equivalent to a change in lumen divergence ratio (z,) from 3 to 10. Other condi-
tions are the same for Figure 5.4. '
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5.1.1. The basis for elevated temperatures and vapor pressures at retracted

meniscus surface

The temperature at the site of evaporation is higher than at the skin surface
because of the vascular arrangement. As earlier noted, to determine the temperature
profile along the straight intradermal eccrine duct, equation (4.18) was solved using
the finite difference numerical scheme. The equations were solved by the method of
Newton-Raphson, with the linearized equations in the J acot;ian matrix calculated

iteratively by the Gauss-Seidel scheme and with successive-over-relaxation (SOR).

The question remains as to whether the solution given by the finite difference
method approximates the exact solution of the partial differential equation. Two
problems are always posed, the convergence and the stability of the approximated
solution. (A set of finite difference equations is said to be conv.ergent when the
exact solution of the difference equations approaches to the exact solution of the
partial differential equation as the grid sizes tend to zer§. The difference between
the two solutions is often referred to as the discretization error (Smith, 1965).) The
investigation of convergence is difficult since the expression for the discretization
error is often in terms of unknown derivatives for which no upper c;r lower bounds

can be estimated. In practice, the use of finite number of digits also introduces
round-off errors to the ﬁnit;e difference equations. A set of finite difference equa-
tions is therefore said to be convergent when the cumulative effect of all the round-

ing errors is negligible (Smith, 1965). Standard methods of investigating stability
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mainly study the growth of an isolated error or a single row of errors (Crank, 1979).
Due to the rigor involved in analyzing the problqm of convergence and stability, the
conditions for the two issues were not stﬁdied. The solutions to simpler formula-
tions were compared with the corresponding analytic solutions. Efforts were made

to minimize round-off and discretization errors.

The convergence requirement for successful Newton-Raphson operation at

any mesh point (iAr,jAx) is defined as:

de;;

8N=l dei,j+®i,j I

¢é.1)

where d® is the solution vector for the Jacobian matrix. €y was set at 1x107°
throughout the calculations. Using ey = 1x107° apparently did not change the
results, up to 5 signiﬁcant figures. Relaxatioﬁ factor (x) for SOR ranged between 1
to 1.5, depending on the values of Biot Number (Bi) and blood velocity (u). Cri-

terion for terminating the Gauss-Seidel iteration is given as:

e/=|d®";;—de;| ; 52)
where the superscript * refers to a ﬁewly updated value. For successful conver-
gence, the above criterion must be satisifed for every mesh point. Value of g =
1x107® was used throughout. This limit is more rigorous than that for ey since the
accuracy in Newton-Raphson operation depends highly on the accuracy of the solu-

tion vector in the Jacobian matrix. Results using €; = 1x10~7 were the same up to 4

significant figures.
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Double precision storage was used throughout to reduce round-off errors.
Disc;retization errors were minimized by selectively choosing a large mesh size,
while keeping the computational time to a reasonable level. An 11x501 mesh size
was used. This is so chosen since the primary objective is to obtain profiles of the
bulk or mixed-cup temperatures (T) along the QUct Hence the variation in the
longitudinél (z-) direction is more important than that in the radial (r-j direction. A

comparison of results using 3 different mesh sizes is shown in Table 5.1.

The results from the foregoing analysis are shown in Figure 5.6 for the
arteriolar flow of 1 and 5 cmy/s, and Biot numbers (Bi) between 0.1 to infinity. The
blood temperature was 36.25°C as it entered the dermis, 3.12 mm—into the body
from the skin surface: For the calculations, the blood density was set at 1.06 g/cm3,
the blood viscosity at 2.19 cp, and the blood heat capacity at 3.8 kJ/kgK (Altman
and Dittmer, 1971). Thermal conductivity of 0.63 W/mK was used for the dermal
tissues, giving a Prandtl number (Pr) of 13.21. Reynolds’ number corresponding to
blood velocity of 1 and 5 cm/s are 0.24 and 1.21 respectively. These numbers com-
pare favorably with values tabulated for dogs (Caro et al., 1978) although the canine

blood viscosity would be about 5 times higher (Altman and Dittmer, 1971).
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11x101 11x501 21x501

z(mm) | r* 8. T (°C) e T (°O ® T (°C)

0.031 0 0.9547 36.158 | 0.9666 36.182 | 0.9673 36.184
0.031 1 0.7263 ?;5 696 | 0.7157 35675 | 0.7172 35.678
0.780 0 0.07546 34.178 | 0.07510 34.177 | 0.07511 34.177
0.780 1 0.05433 34.131 | 0.05407 34.130 | 0.05416 34.131
1.5§0 0 07.002886 33913 | 0.002868 | 33.913 | 0.002863 | 33.913
1.560 1 0.001801 | 33.911 | 0.001788 | 33911 | 0.001785 | 33.911
2.090 0 | -0.01946 33.997 | -0.01941 33.997 | -0.01942 33.997
2.090 1 } -0.01380 34.009 | -0.01377 34.009 | -0.01379 34.009
3. 12.0 0 0.04038 33.563 | 0.04061 33.564 | 0.04063 33.564

3.120 1 0.02972 33.533 | 0.02989 | 33534 | 0.02995 33.534

Table 5.1 : Comparison of results using different mesh sizes for the temperature
profile along an eccrine duct. Conditions for the calculations are : Re = 1.21; Pr =
13.21; Bi=1; u=5cm/s. '

Note : z = distance from dermo-subcutaneous boundary towards skin surface, r* =
1/ry, and © = (T - T,(2))(T, - T,(2)).
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Figure 5.6 : Profiles of mix-cup temperatures of the blood flowing through a 50 um
diameter arteriole adjacent to the straight intradermal eccrine sweat duct in the
forearm. The duct is surrounded by such arterioles and is thus heat-stationed. The
blood entered the dermis at 36.25°C. The epidermal thickness fro the forearm is
=0.05 mm and a discontinuous temperature jump would be anticipated at this loca-
tion. Curve 1 is the regression fitted profile. The conditions for the other curves are
as follows: curve 2 - Biot number (Bi) = oo, velocity of blood in arteriole () =
lem/s; 3-Bi=0.25,u=lcm/s;4-Bi=1.0,u=5cm/s; 6 - Bi = 0.25,u =5cm/s, 7
-Bi=0.1, u= 5cm/s.
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The Biot number value cannot be readily prescribed since the displacément
rates of plasma fluids into the connective tissues are unavailable. Consequently a
range of Bi was used. For Bi = o the arteriole wall temperature would become
identical to the local tissue temperature. An infinite Bi was approximated by impos-

ing a sufficiently large value (1x1019).

The profiles indicate that the sweat duct would be warmer than the surround-
ing tissues and liquid retracted to this region would have a higher vapor pressure
than that at the skin surface temperature. A discontinuous temperature jump at the
dermo-epidermal junction located at =100 um below the skin surface, e;ccept in
palms and soles where the epidermis is thick, is suggested by the fact that the epi-
dermis is avascular. Hence the helical coil in the epidermis would have essentially -

the same temperature as the corresponding tissue.
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5.2. Case for meniscus at pore rim

The results for the case when‘the meniscus is situated at the pore rim are now
presented. Equation (4.23) for the different regions of the domain, coupled with the
appropriate boundary conditions, was solved by the method of Newton-Raphson
with Gauss-Seidel iteration and with SOR. Value of 1.65 was used for the relaxation
factor ¥ and double precision storade was maintaineci throughout the compﬁtations.
The necessary convergence criterion for Newton-Raphson opefaﬁon at any mesh

point (iAr or iAq., jAz or jAP) is given as:

dxp;,j

gy = | ———— 53
N =| T + %0 (5.3)

where dx4 is the solution vector for the Jacobian matrix. €y was set at 1x107°.
Results using gy = 1x107 are identical. For the iteration of the linear equations in

the Jacobian matrix, the convergence for any point (i,j) is defined as:
g =|dx" a;j — dxai | (5.4)

where the superscript * stands for a newly iterated value. € was set at 1x107%.

Results using &7 = 1x10™ are the same up to 4 signiﬁcént figures.
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A 61x61 mesh size was used in the calculaﬁons. The mesh is divided as fol-

lows:

ForO0<r<rs, i=0,..20
Forrg<r <o, i=20,...,60
For0<z<r,, j=0,..20

Forrg<z <o, j=20,..,60

Values of the two constants a and b in equations (4.27) and (4.26) were set at
4.95x10%. They were so chosen such that the regions 2 and 3 in Figure 4.3 would
be close to the pdre, and the discretization error due to a change in the co-ordinates,
as going from region 1 to 2 or region 2 to 3, would be minimized. That is, the grid -
sizes from i = 20 to 21 and i =21 to 22 are the same. A similar situation occurs from
j=201to 21 and j = 21 to 22. Table 5.2 shows a comparison of results using 2 other
different mesh sizes, 51x51 and 71x71. For both of these cases, the mesh size in
region 1, i.e., the spaces above the meniscus but below the skin surface, was main-

tained at 21x21.
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51x51 61x61 71x71

r - Z XA XA ) XA

0.0 0.5 0.03651 0.03711 0.03722
0.5 0.5 0.03944 9.0395 8 0.03967
00 |10 0.03547 0.03569 0.03582
025 | 1.0 0.03577 0.03599 0.03612
0.5 1.0 0.03680 0.03700 0.023712
075 | 10 0.03911 0.03926 0.03935
1.0 1 .95 0.04182 0.04193 0.04199
1.05 | 1.0 0.04218 0.04229 0.04236

1.05 | 1.05 | 0.03990 0.04005 0.04014

Qar 9.371x10 | 9.183x10™ | 9.069x107°

Gasc 6.085x107 | 5.977x107° | 5.912x107°

Table 5.2 : Comparison of results using different mesh sizes for the case when the
meniscus is at pore rim. Conditions for the calculations are : T.. = 25 °C, RH =
60%, Ty =32°C, rg=7.5 um, Z = 10 um.

Note: r* =t/rg; z¥ = 2/rg; qapr = rate of water loss from the pore, g/gland-hr qAsc
= rate of water loss from the stratum corneum, g/gland-hr
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Results using the foregoing analysis are shown in Figures 5.7 - 5.10. The
curves in Figure 5.7 show the rates of total water loss, Q4 (curves 1 and 2), the rates
of water loss from pores, Q4,, (curves 3 and 4), and the rates of water loss from sur-
faces of stratum comeum, Q4. (curves 5 and 6) as a function of the ambient water
vapor content at 32 and 34°C skin surface temperatures. The rates were calculated-
assuming a total of 3 million glands. Conditions for the calculations are: ambient
temperature, T ., = 25°C; pore radius, 7, = 7.5 um; and stratum corneum thickness,
Z = 10 um. The results predict a total water loss rate of between 90 to 260 g/hr at T
= 32°C. At this particalur T, the contribution by the stratum corneum (Qg,.) varies
from 41% of the total (Q4) at 10% RH to 44% of the total at 100% RH. Thus the
proportion of Q4. is moderately greater at higher ambient relative humidity. Simi-
lar trends are observed when T = 34°C, except that the ratio of Q4,./Q4 is about
2.5% lower. For a 2°C difference in Ty, Q4 differs by 25 to 30 g/hr. That is, for

every °Crise in Ty, Q4 increased by = 10%.

The effect <;f skin surface temperature (75) on water loss rates is shown in
Figure 5.8. AtT., =25°C, 60% RH, Q, increases from 140 g/hr at T = 30°C to 230
g/hr at T = 35°C, averaging 10% increase for every °C rise. The increase in water
loss from the pore is higher than that from the stratum corneum. This results in a

change in the ratio of Q4,,/Q, from =56% at T = 30°C to =58% at Ty = 35°C.
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Figure 5.7 : Estimated rates of water loss from 3 million eccrine sweat glands vs.
mole fraction of water vapor in ambient when the meniscus is displaced to the skin
surface. Curves 1 and 2 are the total losses when the skin surface temperature (7T)
was 34 and 32°C respectively. For curve 1 the loss from the pore and the stratum
- corneum are shown separately as curves 3 and 5. Similarly curves 4 and 6 are the
separate loss from the pore and the stratum corneum for curve 2. Conditions for

curves 1 and 2 are : pore radius (r;) = 7.5 pm, stratum corneum thickness =10
Km, ambient temperature (T ,,) = 25°C. ‘
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Figure 5.8 : Estimated rates of water loss from 3 million eccrine sweat glands vs.
skin surface temperature when the meniscus is displaced near to the skin. Total loss
(Q4) (curve 1), loss due to pores (Qapr) (curve 2) and loss due to stratum corneum
(Q4sc) (curve 3) are shown. The conditions are : rs=75um, Z=10um, T, =
25°C, and ambient relative humidity (RH) = 60%.
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The effects of changes in pore radius and stratum corneum thickness were
also examined. Figures 5.9 and 5.10 show the corresponding results. For Figure 5.9
the pore radius (rs) was varied from 5 to 15 pum. The curves for Q4 and Qy,, are
approximz;.tely linear, while for Q4. the curve concaves slightly downward. Slopes
for the first two curves are approxnnately 18 and 15 g/hr-um respectively. The ratio

of QA,,,/QA increases from 51% at rg =5 pm to 69% at ry = 15 pm.

Figure 5.16 presents the water loss rates as a function of stratum corneum
thickness (Z). Z was varied from 5 to 18 pm, which is a typical range for most body
surfaces. For the palms and soles, Z ranges be'tween 400 to 600 um. To include
tilese two regions an one-dimensional approach would not be justified. Therefore
the present analysis does not apply to the palms and soles. As expected, Qg
increases as the stratum corneum becomes thicker. The relationship is slightly non-
linear. Water loss directly from the pore (Qap,), however, is reduced by the

increase in Z. The net effect on Q4 is a moderate rise with an increase in Z.
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Figure 5.9 : Estimated rates of water loss from 3 million eccrine sweat glands vs.
pore mouth radius when the meniscus is displaced to the skin surface. Curve 1 -
Qy; curve 2 - Qppp; curve 3 - Q45 The conditions are : Z = 10 um, T = 32°C, T,
=25°C, and RH = 60%.
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Figure 5.10 : Estimated rates of water loss from 3 million eccrine sweat glands vs.
stratum corneum thickness when the meniscus is displaced near to the skin. Curve
1 - Q4; curve 2 - Qppy; curve 3 - Qyq; The conditions are : 7 =7.5 pm, Ty =32°C,
T, =25°C and RH 60%. ,
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CHAPTER SIX

DISCUSSION

The foregoing results demonstrate that direct evaporaﬁon of water from the
very dilute sweat solutions within eccrine sweat gland ducts could account for most
of the insensible water 10s§ through the skin. The analysis provides a rational, physi-
cally and physiologically consistent basis for the suggestion advanced earlier by
Mali (1956) and others through deductions from experimental observations. The
inclusion of anatomical features of the eccriné glands and physiological conditions
in the skin into the model served to demonstrate why the numerous attempts to
correlate insensible perspiration rates only to the ambient temperature and relative
humidity have not been successful. Kerslake’s (1972) plot of insensible water loss
rates versﬁs vapor pressure difference, as discussed in Chapter 3, shows that a sub-
stantial amount of insensible perspiration persists as the vapor pressure difference
between water at the skin surface temperature and moisture in ambient air
approaches zero. This is consistent with the model that the water evaporates at a
temperature higher than at the skin surface and that such water is not bound in a

hydrophilic matrix such as the stratum corneum.

The current model, however, is not completely general since heat transfer and
insensible water loss from the skin surface have been decoupled in the analysis. The

fluxes of water vapor through eccrine ducts embedded in a non-isothermal domain
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with a steady temperature profile have been calculate;l. To effect solutions, tem-
peratures at the site of vapor production had to be specified and the location of the
meniscus prescribed.” The fact that the free water surfaces within the duct could
attain such temperatures were justified with calculations involving the physiological
cutaneous temperature profiles and the arrangement of the vessels. In order to
predict the water loss rates for living skins, the dynamic characteristics of the secre-'r
tory coils of the glands, the vascular blood flow and heat transfer rates to the
ambient would need to be established. These activities are altered by stimuli such
as ambient temperatures, hormonal concentrations and the emc;tional state 6f an
individual in a complex manner. The heat transfer and water loss rates from
exposed surfaces of the body may be higher than would be obtained from the same
surfaces were the whole body exposed to the same ambient conditions. Sym-
pathetic and parasympathetic controls are involved for maintaining the cofe body
temperatures, thus reported rates of insensible perspiration exhibit large fluctuations
at the same site under similar or slightly different conditions. Reliable computa-
tional predictions would have to involve, in addition to the above considerations,
the population densities of the sweat glands over the body surfaces, the dimensions

and geometry of the glands and the activity levels of the secretory coils.

The foregoing results show a water loss rate of between 1 to 150 g/hr at an
ambient temperature of 25°C and a relative humidity of 60%. Experimental values
for insensible perspiration range between 1 to 90 g/hr (Kuno, 1956; Lamke et-al.,

1977; Nilsson, 1977; Grice, 1980). The process of transepidermal water loss
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appears relatively insignificant.

Lumped transport properties such as‘ diffusive coefficients or permeaBility
constants (Scheuplein, 1978; Blank et al., 1984) of the stratum corneum were the
data estimated for the analysis. The actual magnitude of the transport properties
may be different from such estimates based on reported data. The anisotropy of the
skin layers has been recognized but reliable measurements of the properties for such

domain are rare.

The rate of water loss has been shown to depend largely on the location of
meniscus within the eccrine duct (Figure 5.2). For the case of a retracted meniscus
the calculatiéns were performed up until the sweat level was at 750 pm along the
duct lumeﬂ from the dermo-epidermal boundary, approximately the bottom end of
the stratum corneum layers. For those so called "active" sweat glands, periodic
discharge of sweat droplets has been observed (Randall, 1946; Dole and ’fhaysen,
1953; Nicolaidis and Savidjian, 1972). These glands may discharge sweat to the
skin surface more frequently and therefore contribute rﬁore to water loss than "inac-

tive glands" which have lower secretory ability.

It has also been shown that insensible perspiration rates decreased linearly as
the ambient water vapor content incréased (Figures 5.3 and 5.7). The rates of eva-
poration of water from the stratum corneum surface appears to increase monotoni-
cally with ambient vapor pressure (Figure 5.7). The ambient water vapor content

would not significantly alter the hydration of stratum corneum unless the difference
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between the skin surface temperature and the ambient temperature is small.

The importance of the size of eccrine glands becomes more apparent when the
meniscus is displaced near to the skin surface. In Figure 5.9, the rate of water loss is
observed to increase linearly with the pore radius. Loss of water from the stratum
cbrneum surface was also seen to increase slightly. A larger surface area is available
for sweat to percolate laterally, but effect of increase in area is parﬂy offset by the
fact that local water vapor concentrations in the air next to the skin are elevated.
The driving potential is hence reduced. The stratum corneum thickness aﬁpeafs to

be a minor factor inﬂuenéing insensible perspiration rates (Figure 5.10).

The pseudo~sfeady radial concentration profiles in the stratum corneum are
shown in Figure 6.1 at two relative humidities, 60 and 100%, at an ambient tem-
perature of 25°C. Both profiles exhibit the same general trend in that Vthey decrease
sharpiy for the first 2 pm from the pore wall. At about 45 pm from the pore peri-
phery, the difference between the local concentration and the concentration at
infinity is less than 1%. The assumption that neighbouring glands do not interfere
therefore appears justified. ' Regarding the effect of the presence of hair follicles,
these are distributed non-uniformly over the body surfaces and their population has
been estimated at two million (Szabo, 1962). Hair follicles are expected to pose no
barriers to the lateral dispersion of water through the stratum corneum in the neigh-

bourhood of the eccrine gland pore mouths.
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Figure 6.1 : Radial concentration profiles of water in stratum cormeum at an

ambient relative humidity of 100 (curve 1) and 60% (curve 2). The conditions for
both curves are : Z = 10 um, r; = 7.5 pum, T = 32°C, and T, =25°C.
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The assumption of a hemispherical surface of the meniscus when it is at the
pore mouth should be considered. Brown and Escombe (1900) reported that the dif-
fusion rate of a substance through a large hole was smaller than the total flux
through many small holes of equivalent cross-sectional area, Their findings could be
explained by the formation of menisci as the aperture of the holes decreases. For a
hemispherical geometry, the surface area = Zﬁrz, while for a flat circular surface its
area = mr2. Therefore for small holes having hemisphgrical menisci their total
liquid surface area would be double that for a large hole of a equivalent projected
area. The concavity or convexity of the meniscus would also be important. For a
concave surface, as for water, the average concentration gradient from the meniscus
surface would be smaller than that from a flat circular surface of equivalent pro-
jected area. Moreover, the equilibrium vapor pressure above a concave surface
would be less than that for a flat surface and the flux would be reduced. Of all the
three effects, the changes in area appears to be most important to effect the evapora-
tion. The curvatuﬂa of the surface would not significantly change the vapor pressure
until the pore mouth is narrower than =0.1 um. In this study, the rate of water loss
was found to increase linearly with the pore mouth diameter. This is in agreement
with the experimental findings of Brown and Escombe (1900) for small holes. The
concavity becomes important as the meniscus approaches the skin surface. For a

meniscus retracted below the skin surface, the diffusion of water vapor is predom-

inantly a one-dimensional problem.
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Finally, the results of current calculations show the futility of correlating
insensible perspiration rates to the ambient conditions alone without considering the
.conditions within the skin which contribute to the regulation of water evaporation

rates.
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CHAPTER SEVEN

CONCLUSIONS

- 1) Insensible perspiration can solely be explained by evaporation of sweat liquids in
the eccrine duct and the process of.transepidermal water loss may be relatively

insignificant.

2) Insensible perspiration is regulated by conditions internal and external to the
skin. These conditions include the temperature profiles within the skin, the flow of
warm blood in arterioles surrounding the straight intradermal eccriné duct, the pres-
ence of moist microvilli on the periductal surface of the intraepidermal duct, and the

ambient temperature and humidity.

3) The microvilli within the intra-epidermal unit may function to regulate both the
level of sweat liquids in the duct and the minimum level at which insensible per-

spiration would occur.

4) Evaporation from the surface of the stratum corneum becomes important when
the sweat liquids are displaced to the‘ skin surface. The liquid can then disperse
laterally within the layer to function as an extended surface for the evapofative
losses. Each gland appears to operate in isolation during insensible perspiration.
That is, the vapor concentration fields of neighbouring glands do not interfere. With

active production of sweat and flow to the surface, the dispersal of the liquid causes
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“the skin surface to appear moist and independent activity of the glands would be

precluded.
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CHAPTER EIGHT

RECOMMENDATIONS

In this work it has been demonstrated by computations that insensible per-
spiration would be ascribed mainly to the evaporation of sweat in eccrine ducts. A
major assumption in the analysis is that the evaporative loss would be supplied con-
tinuously and: sufficiently from the secretory coil. This still remains to be demon-
strated experimentally. Individual eccrine sweat glands has been successfully iso-
lated (Sato and Dobson, 1970; Sato et al., 1971; Sato, 1973; Sato and Sato, 1983)
and chemically induced to sweat. These studies focused on the reabsorption process
of various ions in the coiled and straight duct and the relation of sweating to gland
size. Further studies in this direction, such as inducing sweat with various amounts

of chemical agents, may provide information on the secretory rate at rest.

To investigate the relative contributions of transepidermal water loss, the in
vivo concentration profile of water from the base of stratum corneum to the surface
needs to be specified. Simon et al. (1981) have reported that such profiles can be
obtained by‘photoacoustic spectroscopy method. However, no significant results
have yet been reported. The transport properties of stratum corneum are also
needed. Blank et al. (1984) obtained expérimental diffusivity values for the epi-
dermis treated as an anisotropic homogeneous domain at four different érribient con-

ditions. Such studies should be expanded to recognize the anisotropic structures of
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the stratum corneum and the malphigii layer.
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APPENDIX A

A.1. Derivation of the diffusion equation with the meniscus retracted

_For the case of a retracted meniscus the one-dimensional steady diffusion

equation was given as equation (4.1). Rewrite the equation :

S NAZIZ -S NAzlz+Az =0 (Al)
where
dxp
NAz =-C DAB ? + X4 (NAz +NBz)- (A2)

For stationary B, i.e., Np, =0,

—CDAB dxA
Ny, = =%, ol (A.3)

The local cross-sectional area (S;) is given as:

S, =mr? (A.4)
where.

r=r,(1+@-1) —Z—), (A3

On substituting equations (A.3) - (A.5) into (A.1) and simplifying, one obtains

d 1 dxp z 2
z{ - ?[”"‘”f} } = oo

Equation (A.6) may be expanded to:




2 2 ,
dln(1 -
_[14.(7_1)%} _%_ﬁl

I .

dz L

Equation (A.7) is simplified by adopting the following transformations:

¥=1+0-1 ()

and

T=1n(1-xy).

When equations (A.8) and (A.9) are substituted into (A.7), one obtains:

2
y-1 2 d°T dr] _
[ L] [‘P y 2+2‘I’dTJ 0.

The solution to (A.10) is of the form

I'= 1 +C
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(A7)

(A.B)

(A9)

(A.10)

(A.11)

for ¥ # 0 where C, and C, are integration constants to be determined from the

boundary conditions.

The boundary conditions to the problem are:

Datz=2z,, ¥ =1,; x4 =Xxa0, and I =In(1-x4,)

(atz=L,¥=v;x4 =x4. and ' = In(1-x4 ..)

On substituting the two boundary conditions into equation (A.11), one obtains:
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Cq

In (1 =x4,) = —+C5 (A.12)

o

and
Cq
In(1 —wa)=T+C2. ] (A.13)

Equations (A.12) and (A.13) can be combined to give:

l_ono)_Cl C1

In = A.14
( 1-2x40 Y Yo ( )
The constant C; is then recovered in an explicit form as:
1 1- XA ,o-]
' e [ 1--on_| ( 2

To solve for C5, equation (A:13) may be re-written and combined with equation

(A.15) to yield:

i1 1-x
Y Aw]
Cr=In(1~-x40)— ——In A.16
2 ( A) Y_I_Yo_l l: l_onJ ( )
or
7! Yo
Co=——In(l-x) - —F—I(l-x). (A.17)
Y Y% B s £

Finally, equations (A.15) and (A.17) are incorporated into (A.11) to yield the solu-
tion: |

1 ., -1
1 (L-xg). P

-1 =
(1—xg)t P —
(L—x40) 7

(A.18)

On rearranging equation (A.18), one obtains:



x4 =1 —exp (Fx)

where
Fx = T, In (1 -x40) = (T v 1) In (1 —x4,)
@ =% |
Therefore
— 1 )
~, =P (Fx) yl-v1 L 1 (1 —x40)
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(A.19)

(A.20)

(A.21)

. The molar flux (N4;) given by (A.3) can thus be evaluated using (A.21). Together

with equations (A.4) and (A.5) the rate of water loss at any position can be calcu-

lated.

A.2. The Temperature Profile Along The Eccrine Duct

The steady energy equation for blood flow in an arteriole was given as equation

(4.14). Rewrite the equation :

(A.22)

(A.23)
(A249)

(A.25)
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For hydrodynamically fully developed laminar flow, the assumption of a parabolic

profile is valid, i.e.:

— r 2
u=2%u|1-—5 (A.26)
rW
or
ut=2(1-r2). (A27)

On substituting equations (A.23) to (A.25) and (A.27) into (A.23), one would obtain

the following partial differential equation:

2 - aT,
0 1 30 __ e g®+1 ® O]

ort2  yt ort zt T.—-T; az+_|

. (A.28)

Equation (A.28) is to be solved numerically. To permit the use of finite difference

discretization, we define the following:

rt=iAr, i=0,1,2,.K (A.29)
z*=jAz, j=01,2,.L (A.30)
Equation (A.28) is discretized using standard first and second order central differ-

ence approximations. The discretized form of (A.28) is given as:

©;41,j—20;;+0; 1 ©i1,j -6,

Ary? Tiar T 2Ar
®j+1 -6 1 -0;; o]
_ (i AN ij+1 i,j—1 L) ¢ =0
[1 (zAr)] T ] (A31)

fori=1,2,.K-1and j=1,2,..L-1.

T, is given explicitly as a function of z*. For the calculations, T; is given as fol-



lows:

and

Te=B1{+By 2 +B3 P +Ba+Bs P +Bs (8 +B7 " +Bg (8

+Bo { +B1g {10+ By (1L + By, (2

where

and

T, =T¢ x 2.8 +33.45°C

+B13 62 +B14 {1 +B 15 §1° + B g (16

(= {00312 -2)
0.024

B, = 0.8104795862
B, =-0.8931565940 x 10!
B3 = 0.1720781941 x 10?
B4 = 0.3096866878 x 10
Bs =-0.1996415564 x 10*
B¢ = 0.5497932693 x 10*
B; =-0.8511643761 x 10*
Bg = 0.7653425618 x 10*
By =-0.3207143979 x 10*

B 1o =-0.9131275894 x 10>

B, = 02178100752 x 10*

" By =-0.1466533072 x 10*

B3 = 0.5603827989 x 10°
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(A.32)

(A.33)

© (A34)

(A.35)
(A.36)
(A37)
(A38)
(A.39)
(A.40)
(A41)
(A42)
(A.43)
(A.44)
(A.45)
(A.46)
(A47)



B 14 =-0.1295281504 x 103
B1s = 0.1695281504 x 10
B s =—0.9692922774 .

Relevant boundary conditions are:

@atr=0orr* =0,

oT
Srir=0=0
or
, gfi ©0,2+)=0.
We have

|1 00| _ 9%
,I}I_n,o[;r ar] ~or?

by L’Hospital’s rule. Therefore equation (A.28) becomes:

2

%0 98  1-0 I

and its finite difference form is given as:

= +
ort? o9zt T.-T; 9zt

4 ©1,j — o, _ Bg,j+1 — ©p,j—1 _ 1 -@,; 9T; _
Ar? 202 T.-T, ot

() atr=r,orrt =1,

oT

—kB or r=ry = hw (Tw - Tt) 7

or
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(A.48)
(A.49)
(A.50)

(A51)

(A.52)

(A.53)

(A.54)

(A.55)

(A.56)



134

00

— 5 (L) =Bi8(1,z%) (A57)
where
’
Bi= Ml (A.58)
k
Equation (A.57) can be discretized as follows:
Let
Og-1,j — Ok+1,j
. ~ = Bj ; A.59
2AF Bi ®K, j ( )
where Ok, ; is a fictitious point. On rearranging (A.59), one obtains:
®K+1.j = ®K—1,j -~ 2Ar Bi ®K,j° (A.60)

Equation (A.31) can therefore be applied with the term ®x.1, ; replaced everywhere

using expression (A.60).

(i) atz=0orz* =0,

T, =T, (A.61)
or

er*,0=1 (A.62)
and hence

©;0=1 (A.63)

In addition, to permit the use of the numerical procedure, at j = L, the first
order partial derivative with respect to z* in equation (A.28) is discretized using

backward difference approximation. The finite difference equation is given as:
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® _ @i —40;1 1 +30;,
ozt 2Az )

(A.64)

Equation (A.31) can then be applied with the appropriate replacement using expres-

sion (A.64).

As a result of the above discretization scheme, we end up with (K+1)x(@L+1)
finite difference equations. These equations can be solved by the method of

Newton-Raphson.

Let

k =ix(L+1)+j
then for :

k=0,1,2,.. . KxX(L+1)+L,
define
AL A.65
k,l - a@i,j ( . )

for |

i= 0, 1,2,..;K
and

ji=0,1,2,..L
and

[ = ix(L+1)+j

where Fy is the finite difference equation at point (i,j).



136

In matrix form, the following set of linear equations is obtained,

[J] [A@] =-[F] | (A.66)

The Jacobian matrix J is evaluated by numerical differentiation. Since both J
and F are known, the matrix A®, which is the change or increment in © at every
iteration, can subsequently be calculated. To obtain values of A®, equations result-
ing from the matrix representation of (A.66) are solved by the method of

successive-over-relaxation (SOR). The form of equations to be solved is given as:

k-1 KX+1pL
0| -YJdO;—- Je1d®;—F
. & i TR (A67)
dOy =(1-0)dO; +
Jrk

where o is the relaxation factor.

For successful convergence, the stopping criterion is given as:
|[d®" -d®,|<1x 1078 (A.68)

for every point (i,j). Once satisfactory convergence is achie\;ed for SOR. The calcu-
lated values, d®’s, are checked whether another operation of Newton-Raphson is

required. In this case the criterion is given as:

do;

—_—g -6 ”
| .55, |<1x 10 (A.69)

for every point (i,j). Once the criterion is fulfilled, results are considered satisfac-
tory. The bulk or mixed-cup temperature for the blood at any longitudinal distance

. (z) can be calculated using the following equation:
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Ty = — [u(r) T(r,2) dA (AT0)
Au A

where A is the cross-sectional area of the blood vessel. For a parabolic profile,

equation (A.70) can be written as:
Tp=2 [|1-(L9 T(r2) aa. A7)
A A ry 7 )

The solution to equation (A.71) is approximated by numerical integration using

composite trapezoidal scheme.

Let
frno= [H-;’—)Z} T(r,z) dA (A72)

then, for any distance z, the composite trapeizoidal scheme is given as:

Ty

[ frz)dr=
0

ry Ar

2

K-1
[f 0.2) +f (rw,2)+2 3 f(ri,Z% : (A.73)
i=1

The bulk temperature (T;) can therefore be estimated.
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Terﬁperature, °C | Vapor pressure, mmHg
25 23.756
- 26 25.209
27 26.739
28 28.349
29 30.043
30 31.824
31 33.695
32 35.663
33 37.729
34 39.808
35 42.175

Table A.1 : Vapor preséure of liquid water (Perry and Chilfon, 1973).



139

APPENDIX B

B.1. Case when meniscus is displaced to skin surface

For the case when the meniscus is at the pore rim, the governing diffusion

equation was given as equation (4.23). Rewrite the equation :

1. 9% + 1 P 1 oy | 2
r(xa—-1) or = (a-1) or2 (gu-12 | or J
1 9xy 1 ]
—-— =0
Toa-D o2 (x4 — 1) [ dz | B.1)

for0<r <o, 0 <z < oo,

' Equation (B.1) is to be solved numerically by finite difference approxima-
tions. It is necessary to split the domain into three regions, with a different co-
ordincate system for each region. The form of equation (B.1) as applied. to each

region and the appropriate boundary conditions are now described.
Region1:0<r<f,,f, <z<rg;

where
Fre s - =rd B.2)

The functions f, and f, describe the curved boundary. For this region equa-

tion (B.1) can be directly applied. The finite difference equation is given as:
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1 Xiv,j —Xi,j 1 Xiv1,j— 2%+ X,

, +
iArX;;—1) 2 Ar &X;j—1) Ar?
B 1 Xiv1,j — X, j-| 2 L1 Xijr1 = 2%+ X5
;- 1) 2Ar J Xij—1 Az?
2
X; i —X; -
_ 1 - ij+l ij l-l =0 (B.3)
X;j—-1) 2Az J
where
r
Ar = Es 8.4
and
Is
Az = T B.5)

where K and L are the number of intervals in the r- and z- directions respectively.

The curved surface remains to be defined properly. The key is to find imax;,
the column subscript of the rightmoét grid point in each row j, and jmin;, the row

subscript of the bottom-most grid point in each column i. i.e.,

r=iAr, i=0,1,2,..imax; (B.6)

and
z=jAz, j=jmin;,..L-2,L—1,L ’ B.7)
where l
imax; =NL2 ~ (L - j) " (B.8)

raised to the next higher integer, and

jmin; =K - VK2 — 2 : (B.9)
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truncated to the next lower integer. Equation (B.3) can be generally applied to any
grid point in the region 1 £ i < (imax;-2) and (jmin;+2) < j < L. For grid points
(i_max,--l,j) or (i,jmin;+1), an alternative treatment has to be applied. The approach

is now described.

Referring to Figure B.1, in which point A is located adjacent to the boundary
points C and E, we write out the appropriate Taylor’s expansions for points B, C, D,

and E, neglecting third order terms or higher:

X =X;4 +AZX, + (A;)Z Xy | © (8.10)
Xc=Xs—-qAz X, + (quz)Z X,,. (B.11)
Xp=Xs—ArX, + (A;)z X,,. (B.12)
Xg =X, +pArX,+i'i—421)—2—X,,. B.13)

X,, X,r, X;, and X, are the first and second order partial derivatives with"

respect to r and z respectively. Equations (B.10) and (B.11) can be combined to

give:
1 q g-1 1
=— Xp — Xy-——X| -
X, Az[q+1 B p A 2@+ X¢ B.14)
and
2 [ X3 X4  Xc |

2Z

NS AT +qr(qr+1)J' (B13)

Again, by manipulafing equations (B.15) and (B.16), one would obtain the
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>
N
~—— |

ar— parf

Figure B.1 : Schematic diagram illustrating the treatment of irregular boundaries in
discretization.
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~ following expressions:

1 1 1-p D
X,=—|—Xr - Xy - X .16
r Ar[p(1+p) E D 4 1+p b (B.16)

and

er

2 [ Xg Xa XD-I B.17)

@R | p@+n p T 14p)

Equation (B.1) together Wim expressions (B.14) to (B.17) are applied to all
boundary points such as A. A similar treatment can be applied to the interface
between region 1 to 2 and between region 2 to 3. The details would not be given

here.

The boundary condition at the centre-line can be approached as follows:

ox,
atr=0, 3;‘14— =0
By L’Hospital’s rule, we have:
ox, o%x,
= l“:' 'a"rA‘] - arZA B.18)
and equation (B.1) becomes:
2 x 1 Pxy 1 axA.l g B
s —1) or2 Ga—1) 922 (s — 1) [ 3% J =(. (B.19)

On discretizing equation (B.19), one obtains:

4 Xy;—Xo,; 1 Xo,j+1, =2X0,j +Xo,j1
Xo;-1  (Ar)? Xo;-1 (Az)?
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2
1 Xo,j+1 "'XOj—-l-I
- : ) o,
®o;— 17 282 | ®.20)

Region2:0<r<rg, ry <z < oo

Let
B =tanh (bz) B.21)
then
oxy _ 2\ 0Xa
-g—b(l-ﬁ)a—ﬁ- B.22)
and
Ty gy T g ey (8.23)
0z op2 o '

for tanh(bry)<B<1.

Standard central difference approxiamtions can be applied to the transformed

co-ordinate -. The grid sizes are defined as:

T
= — 24
Ar % (B.24)
or
r=IiAr i=012,.K (B.25)-
and
1 —tanh (bry) '
- NS 26
AB v, (B.26)
or

B=jAB+tanh(bry) j=L,L+1,.L+M. B.27)
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The boundary condition at r = 0 can be treated the same way as for region 1.

For z = o, we have

XiL+M = X4 oo (B.28)
Region 3 : 7, Sr<eo, ry <z < oo

For this region, both the r- and z- co-ordinates need to be transformed. The
procedure is the same for the transformation of the z- co-ordinate in region 2. For

completeness, the transformation of the r- co-ordinate is now described.

Let
o = tanh (ar) (B.29)
therefore ' '
(- oty A (B.30)
ar U5, ‘
and
azxA 2 2.2 82xA axA
= - — —2a%0(1 - o?) ==, 31
) a“(1 oc)az a“oy oc)aa (B.31)
The grid sizes are defined as:
1- ténh ar
Ag = L= Fanhiars) (B.32)
N
or
a=iAa+tanh(ar;) fori=K,K+1,..K+N (B.33)

and
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_ 1 —tanh (bry)

AB -

(B.34)

or
B=jAB+tanh(bry) forj=LL+1,.L+M. - . ®B35)

The boundary condition at j = K, the surface of the stratum corneum,

expressed in equation (4.32) is given as:

a(rng,) + NAz
or VA

1 =0. B.36)
r

On expanding the equation, one obtains:

. 1 a03As + 1 amAs-l 2 + 1 azmAsl
Pss) T —wny) o (1-am)? o | (-as) or? |

+ MW, ¢ Dyp BxA
Z(1-x4) o0z
where both p; and D; are functions of w4;. The discretized form of the equation is

0 (B.37)

given as:

a’(1 -o?) 1 Wis,L = Wio1L
-1 -2 Psi Dy
(1-W;r) || tanh™ (o)) 2A00

Wis,L — Wi—l,L] 2
200 |

(1-o?)

* 1-Ww;r) Psi

Dsi

Wisit—Wir
(Ao)?

Wi_1L — Wi,L-]}

Aw? |

+(1- OLZ)[Psnuz Dg; 12

+ Psi-112 Dsi-172

MWy ¢ Dyap gy gL — gL +XgL '
0z b0 s =0.  ®3%)
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where for values of pg and D; the subscript i+1/2-denotes an arithmetic mean
between interval i and i+1, i for the mean between i-1 and i+1, and i-1/2 for the

mean between i-1 and i.

The mass fraction of water in stratum corneum, Wy, as a function of mole

fraction of water vapor in the ambient, x4 .., is given as:

Wps =B 1X4 00 +BzxA°,,2 +B3xA°°3 +B4xA°°4 +B§XA°°5 +B6ono6' (B.39)

AtT; =30°C
B = 0.1034068387 x 1073 (B.40)
B = 0.1476339588 x 1072 (B.41)
B3 =-0.1516669269 x 1072 (B.42)
B, - 0.6485702778 x 1073 | (B.43)
Bs =-0.1335676134 x 1073 (B.44)
Bg = 0.1156279760 x 107*. (B.45)

AtT, =35°C
B, =-0.4093281817 x 1072 (B.46)
By = 07920811667 x 107 (B.47)
B3 =-0.5178442552 x 1072 (B.48)
B4 = 0.1600164520 x 1073 (B.49)
Bs =-0.2353842991 x 1073 : (B.50)
B¢ = 0.1215036977 x 107, (B.51)

‘The other two boundary conditions for region 3 are:
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Atr=oo, a=1;  XguNj=Xpe (B.52)
At Z = oo, B=1; XiL+M = X4 oo (B.53)
As a consequence, a set of (K+N+1)x(L+M+1) equations is developed for the

whole domain. The equations are solved by the method of Newton-Raphson in con-

junction with SOR iteration scheme.

Once the results for all grid points are successfully calculated. The rates of

water loss from the pore and the stratum corneum surface can be determined.

The rate of water loss from the pore is determined by calculating the rate i_)f
water passing through the projected surface at skin surface level. i.e.,

Is

Oppr = 2njnA2|z=,s rdr. - (B.S54)
0

The amount of water evaporating from the stratum corneum surface is given as:

-]

Qps =28 [np)| =, 7 dr. (B.55)

Ts

Alternatively, Qy; is estimated by calculating the amount of water dispersing

into the stratum corneum from the pore. This is given as:
Oas=2nr,Z nArl r=rg- (B.56)

Equations (B.54) to (B.56) are estimated numerically using composite tra-

peizoidal scheme, as described in appendix A.



