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YOrRaWORD

This is the Final Report of research conducted by the
Applied Science Division of Litton Systems, Inc., for the U, S,
Army Natick Laboratories under Contract No, DA 19-129-AMC-683(N)
for the period 25 June 1965 to 24 June 1964, The report includes
the work presented in the two Progress Reports prepared previously
and supersedes their contents, Project monitor for the U, S. Army
Natick Laboratories was Mr, Leo A. Spano of the Advanced Projects
Division.
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ABSTRACT

This report of research on the Investigations of Meat and
Mass (Water Vapor and Liquid) Movement Through Clothing Systems
sumnarizes the results of a theoretical and experimerntal research
program-

Modifications and improvements were made on the mathematical
model and governing equations previously described in an Annual
Progress Report. The equations were converted into an explicit
finite difference form and programmed for solution on the Honey-
well 1800 digital computer.

Experimental studies included measurements of profiles of
mean and fluctuating velocity, temperature, and water vapor con-
centration for various fabric spacings and ventilating flow rates.
Transfer coefficient data obtained from these profiles were com-

pared with total water and heat loss rates.




INVESTIGATIONS OF HEAT AND MASS
(WATER VAPOR AND LIQUID) MOVEMENT
THROUGH CLOTHING SYSTEMS
I. INTRODUCTION

The general objective of the present research study is to establish
definitive relationships of those variables that control heat and mass
(water vapor and/or liquid) flow through composite clothing systems under
static and dynamic conditions. These data will ultimately be applied in
the design and engineering of clothing systems for troops.

During the first year of the program, (1) a simplified mathematical
model consisting of a heat and sweat generating skin surface overlaid by
a fabric layer was developed. The hea: and mass flow equations were solved
using an explicit finite difference calculation procedure programmed for
solution on a digital computer. Saveral calculations were performed to com~
pare this model with existing sciutions. Included were cases of the temper-
ature responses of a nude male exercising and movement from a warm to a cold
envirorment. Another calculafion considered a clothed male in the act of
exercising.

Experimental studies included the development of a wind tunnel and heat
and sweat generating skin simulator model. Velocity and humidity profiles
were measured using hot-wire and mass flux probes., Interferometric observa-
tions of flow over the simulator surface for wet and dry conditions were
also performed.

During the second year, the major emphasis was directed toward the
experimental portion of the program. Measursments of profiles of mean and

fluctuating velocities, temperaturs, and water vapor concentration for

various air gap spacings and combinations of external and ventilating




flews were carried out. For several of these test combinations, measuruments
of heat and vater loss from the skin simulator were performed. Data were
obtained for both dry and wet conditions of the simulator surface, which was
maintained at 100°F, The probing data were compared with the skin simulator
surface heat and water vapor losses and calculations of the heat and mass
transfer coefficients required by the mathematical model were carried out,

During the past year, the theorstical development presented (1) was
modified and improved to make it more applicable to the experiments carried
out, It was decided that a better understanding of the complicated
mechanisas involved was necessary before the bulk of the experimental
measurements would te initiated. Included is a more detailod description
of the heat and mass flow processes in the fabric and air space. In
addition, several modifications were made in the skin model.

The mathematical model was programmed for a finite difference solution
using the Honeywell 1800 digital computer. - Large capacity computers of this
type are essential for solution of the problem which involves calculation at
many small discrete time increments, Soveral sample calculations were per-
Zormed to determine the validity of the mathematical model and to check for
programming errors. Only limited computer runs were carried out during the
present phase of the investigations. However, the complete computer pro-
gram is included, and a detailed parameter study can be made when desired.
II. THEORETICAL STUDIES

A. General Discussion

A combined theoretical and experimental program, intended to increase
the understanding of the basic mechanisms which govern heat and mass transfer
through composite clothing systems, was initiated by Litton's Applied Science
Division in June 1963, These studies are documented in detail (1).

-2-




A preliminary mathematical model was established in this study, which
. described the heat and mass transfer processes through a skin-air gap-fabric

system. Because of many extremely complex process which occur in such a
system, it was found necessary to make several simplifying assumptions in
mathematical development. It was anticipated that subsequent experimental/
analytical studies would shed new light on the transport mechanisms involved.

During the past year, the mathematical model previously developed was
re-evaluated and significant improvements were made. Improved analytical
approximations of fabric property variation and physiological responses were
obtained., These studies, combined with the experimental results, have pro-
vided a mathematical model which more accurately predicts the behavior of a
fabric-skin system exposed to various environmental/physiological siresses,

Even though the present mathematical model is more complete and accurate
than the preceding one, heavy reliance had to be placed on experimental
determinations of the surface heat and mass transfer coefficients. The
determination of these coefficients is discussed in Section 1II.

B. Mathematical Model for the Skin

The three main layers of skin structure, as well as the skin coordinate
system, are presented in Figure 1. In the following model it will be assumed,
as in Refei'ence 2, that the internal heat generation caused by exercising or
shivering is produced in the muscle layer, while the internal generations
(basal) will be assumed to occur within the deep body core. A small element
of thickness §x at any point within the body is shown in Figure 2.

A general formulation of the heat transfer rnroblem which includes

heat transfer in three coordinate directinns, becomes exceedingly difficult,

if not impossible, and tends to mask some of the basic characteristics

in which interest is presently centered, Thus, it will be assumed throughout
3 -
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the remainder of this report that all heat and mass transfer may be con-
sidered to be one dimensional (i.e., in a direction perpendicular to the

skin and fabric surfaces).

If q represents the energy crossing the left surface of the slice
(Figure 2) per unit area and unit time due to conduction, thenq dy d x 5t
represents the energy which will enter the slice in a time interval b5t.
When an internal heat generation exists, an additional energy input appears
as Q' 5x by bz Bt where Q' is the local heat generation per unit volume

and unit time. Denoting the total energy input by Ein’ one may write
Ein=q5y5z 5t + Q'dx By bz dt; (1)

for small 8x, the energy outflow from the right face during the time

interval bt, may be written as

- J
Eout-q5y5.. 6t+?; (Q 5y bz dt) dx. {2)
The energy contained within the thin slice at any time may be expressed
as

E - (cp)s (Ts - Tref) 8x by bz (3)

Assuming that the product of skin specific heat and density is constant,
the increase in energy (8E) within the slice in a time 5t may be expressed

as:

OE aTs
5E=3T 5t=(Cp)s?-t— 5X5Y525t. (4)

Conservation of energy requires that this increase in energy be equal to

the difference between the energy input and the energy output (8E = Ein -E ).

out
Using Equations (1), (2), and (4), one obtains after rearranging

2T, \
o)y 57 = Q' - 53— (5)
S




Assuming the Fourier conduction heat transfer law to be valid, one
may express q as:
aTs
q= -k |5 (6)

]

where ks = conductivity of the skin (Btu/ft/sec °F), which, when
substituted into Equation (5), yields

: BTS o 3 . BTS -
°°)s'7>T - Exs s 5xs :

The skin conductivity cannot be considered constant, as has been
pointed out by Crosbie, et alz‘ Utilizing steady state and transient

experimertal measurements by Hardy and DuBois3, ks can be expressed

as:
dTB
ksszo 1+(Il ATB+T—a-t— Sl.5llk3o for ATB>0 ‘
(8)
dTB
kszks 1+ a, ATB+ V- 2 0.6?51(5 for ATBSO
o o
Ls
1 . ,
where TB = 1? j Ts {§ ,t)df = average body temperature (°F)
AT = TB - 96,35 (°F)
o) = 0.4044 (1/°F) 9)
(12=0.1811(1/°F) .
k_ =7.9946 10"° (Btu/ft sec °F).
o

The values listed above for the various physiological constants differ from
those as reported in Reference.2. These constants were determined as

shown in Appendix A through exact solutions of the heat transfer equations
within the body for stear'r-state conditions. The valué of the constants as

originally presented in the above references differ from the present values




because they were evaluated by using a finite difference solution for the
poverning hoat transfer equations. Tlie numerical value of v, quoted by
Crosbie, appears incorrect. A re-evaluation of Y, utilizing Crosbie's
computer solutions is presented in Appendix A which shows:

r:élsie—;-.

From (Equation 8) for ks and the definition of ATB (Equation 9), one
notes that the conductivity depends only or time. Thus, kS may be taken

outside the derivative with respect to X in Equation (7) and one obtains:

3T _ T
cols 3 =k3 2+ )
S

1. Internal Heat Genera‘ion

.2 .
In the manner of Crosbie , it shall be postulated that the internal
heat generation due to exercise or shivering is contained entirely within
the muscle layer whereas the basal metabolism is generated within the

deep body core. The former may be expressed mathematic-lly as:

- < < 1,
FoxI.;1 $ x _I.1+I.,2

\Y4
o

Q' =E for AT (11)

Ql

—- E3

E + AQshi for B 0

where; E = the internal energy production due to exercise (Btu/ft3/sec).
It is shown in Appendix A that the internal heat production due to shivering

can be adequately approximated by the follo'ving expressions:

_ g 2 c
AQshi. = -ozml A’lB+ amz aT B for -1.8°F SATB s 0
(12)
AQ .. =1.77219%x10°% -a (1.8+ AT.) for 6T. < - 1.8°F
shi. 13 B B




where O =5.3544x 10°3 (Btu/ft> sec °F)
1
Q@ =2.4949 x 10”2 (Btu/ft> sec °F)
ms
-2 3
am = 1,4336 x 10 ~ (Btu/ft” sec °F)

The basal metabolism as given by Crosbie2 equals 37 kca.l/mzlhr.
It should be noted that this internal heat generation is given in terms of
energy per unit skin area, whereas the present analysis requires the
energy production per unit skin volume. Since we shall assume that the
basal metabolism is evenly distributed throughout the deep body core, the

value of Q may be written as:

For L, +L, s x s L
1 2 s s

’?}:6%?2 = 1.15625 x 10°
S0

Q=q kcal/m hr (13)

3.5949 x 10~2

Btu/i’t3 sec

2. The Sweat Generation Rate

Utilizing the experimental data for sweat evaporation from Reference 2,
it is possible to determine the sweat generation rate as a function of the

average body temperature. The expression for the evaporation rate is:

V=YV for AT, s O
o B

(14)
_ 4
V=V_+ EaE(ozv ATB+ A, AT B for ATB>0.
The term SE in the above equation allows for a greater vaporization
rate due to increased aétivity.n In view of the discussion in Crosbie's paper,
V actually includes the effects of air motion on the skin surface, free stream

vapor pressure, etc. Since the present 1nalysis wijl include these effects




in the skin surface mass transfer coefficient, the above equation cannot
be applied in our case. Thus, a determination of the sweat generation

rate is presented in Appendix A which results in the following expressions:

4

S=§ + a_ AT+ X_ ATﬁséoso for ATp > 0
(15)
S = SO for ATB &0
-7 2
where S =5.7285x 10 ' (1b/ft" sec)
@ =7.9457x 107" (1b/1t” sec °F)
A, =5.2514x 1074 (1b/£t% sec °FY).
3. The Initial and Boundary Conditions
As a general initial condition, it shall be assumed that:
att =0, Ts = TS. (xs) = Ts_. (16)
i i
The boundary condition at Xg = LS can be expressed as:
bTS
FX_ = 0. (17)

The boundary condition at X = 0 requires further examination. The
ecnergy entering the surface plane of the skin (from the interior of the skin)
must equal the energy leaving the surface (into the air gap). The energy

entering from the skin can be expressed as:

st
qin B ks ox xs=0 (18)

- 10 -
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The energy leaving is comprised of the enthalpy of the water vapor plus the
heat conducted and radiated from the skin surface, This may be expressed

in linearized terms as:

%ut ® Bahy # U, ('1‘!'o -T,) (19)
where m, = mass of vapor evaporated (lb/ft2 sec)
h’ = va (Tao ref) 7‘ A
= enthalpy of vapor (Btu/lb)
U',_l = heat trsnsfer coefficient at the skin outer surface

(Btu/ft< sec °F)

T’ = temperature of the skin outer surface (°F)

o]

Ta

As long as sufficient liquid is available at the skin surface, the mass

= average air gep temperature °r)

transfer can be described by:

m, = l’ (Cao - c‘) (20)
where K, = the mass transfer coefficient (£t/sec)
C, = the vapor concentration at the skin surface (lb/rta)
Ca° = the average air gap concentration (1b/tt3).

However, it must be remembered that the supply of water due to sweating is
not unlimited and it is <onceivable that conditions can arise where the
mass transfer predicted by Equation (20) cannot occur because of lack

of sufficient moisture, Thus, it is necessary to maintain a ccnstant
check on the amount of water available for evaporation at any time.

With this is mind, the net rate of increase of liquid on the skin surface

may be expressed by:




Integration of this relation yields:

t
m_ai. (t) = m_oai. (0) + J[ (S - ms)dt. (21)

0

. (t)y >0, r.ns is given by Equation (20). However, if at

As long as m
avai

any time m becomes 0 (which can only occur if S - r'ns $ 0), then

vai.
m is given by:
m_ = min. [s, K (C_ - c,)] for m =0 (22)

L] S s a

avai.
(e}

Therefore, the following criteria must be used-

aval.

t .
Letm . (W) =m__ (0 +[ [st8) - m_(©)] a8
Then, 1:r1S is given by:

m =K (C_ -C.) whenm . (t)> 0
S S SO a avatl.

- (23)

e [s, K(C -C )j whenm . (t)=0.
S So a aval.

The skin bounda~y condition on the outer surface can now be expressed

as:
aTs )
ks d x x =0 s [cp (Ts B Tref) * X] * Us(Ts ) Ta)
s S v (o] O
(24)
where m_ =K (C -C) whenm . (t) > 0
S s S a aval.
m_ = min. [S, K (C -C )] when m . (t) = 0.
s ] SO a aval.
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4. Summary of Equations and Assumptions

The various assumptions utilized in the preceding sections of this

chapter are summarized below:
1) The skin is 2ssumed to be one dimensional.
2) The product of skin specific heat ind density is constant.
3) The Fourier conduction heat transfer law is assumed to be valid.
4) The heat conductivity (ks) depends only on time, not or. the

skin coordinate.

The equation describing the heat transfer (or temperatuvre distribu-

tion) within the body layer can be expressed as:

3T 3%T,
(@3t "k 7+ 9
S

For 0sx <L
s 1

Q =0

For L= Xy <Ll + L2 (25)

QI

<
E + AQshi. for ATB =0

E for ATB >0

For L1 + LZSXSSLS

Q' = 3.5949 x 10°% (Btu/ft> sec).

The skin conductivity mmay be expressed as:

- 13 -




dT
. B
k= 5 (1 + @ &Tp +7—— | s 1.511 kso for ATy >0 (26)
dTp
- a 50.
kso 1 +0, AT + ¥ =] % 0. 675 k’o for AT, §0

The average body temperature as well as ATB are written as:

L
]
1
TB = Ls—j’ Ts (6, t) dE (27)
o)
ATB = TB - 96. 35.

The sweat generation rate is expressed by:

4
= >
S S0 + Gs ATB + )«.s AT B 560 So for ATB 0 (28)
S=85 for AT _ 0.
o B
The initial condition for the skin layer is written as:
T, = Tsi (x50 Q). (29)

The boundary conditions at the gkin outer surface is written as:

oT
s _ _ -
ka (3—x o= m_ [cp (Ts Tref) 4 x] + Us(Ts Ta)
8 [x, = 0 v o o
where m =K (C -C.) whenm . (t) >0 (30)
] s’ s a avai.
m_ = min [S K(C -C )] when m . (ty=0

] 88 a avai.

t
Mavai. = Mavai. (0) +f {S(g) - n"ls (E)} dg

o
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and the boundary condition at the skin inner surface is expressed by:

T,
Ox_ L - 0. (31)

C. The Mathematical Model for the Fabric

Several improvements to the mathematical model for the fabric w:ll
be presented in this scction, The assumption that the total pressure
gradient is nil, as utilized in Reference 1, will not be required in the
present analysis. Indeed, such an assumption is unrealistic in the present
case, since bulk flow of air caused by forced ventilation will now be in-
cluded in the mathematical model. It is obvious that bulk flow through the
fabric pores cannot occur unless a pressure differential between the
fabric inner and outer surfaces exists. Thus, the existence of a pressure
gradient through the cloth must be implicitly assumed when one assumes

a forced ventilating flow through the pores of the fabrics.

The assumption made in Reference 1 that the hert content of the air
is negligible compared with the heat content of the solid portions of the
fabric appears reasonable fyrom physical reasoning. Howeve®, the in-
clusion of the effects of the heat capacity of the air and vapor within the
pores of the fabric does not complicate the analysis to any marked degree
and therefore will be included in this chapter for the sake of completeness

and more generality.

To facilitate a complete mathematical analysis of the heat and mass
transfer processes through the fabric system, several simplifying assump-
tions shall now be made.

1) The diffusion of vapor or liquid water through the solid

portions of the fabric is negligible in comparison to dif-
fusion through the pores of the fabric:.




2) A macroscopic (or overall) diffusion coefficient can be
used for the entire fabric slab.

3) The diffusion of mass du¢ to thermal effects is taken into
account by a modification of the diffusion coefficient.

4) The porosity of the fabric is independent of time (i. e.,
the slab does not swell).

5} There is no capillary effect.
6) Quasi-equilibrium exists at all times, i.e., the solid

portions of the slab reach equilibrium with their immediate
surr~ .ndings instantaneously.

l. The Mass Balance Equation

Referring to Figure 3, the mass of water vapor entering the control

volume in a time &t is given by:
m, = mddH &t (32)

and the mass leaving the control volume by:

. (. s
Mmoo S M + E;—(m) dpotbxf

(33)

where m = mass flux through the surface of the control volume

(1b/ft2/sec) ]
d = depth of the control volume (ft)
H = height of the control volume (ft)
)X, = thickness of the control volurne (ft).

Designating the rate of absorption per uni. area per unit time by m', the

mass of water absorbed in a unit time and area is given by:

m.oy o= rh’d&fot. (34)

- 16 -




(1 -a)H

mdaH 8t ——— ————=

rh'dbxl. Bt

aH f

Figure 3.

1
s

Control Volume within the Fabric
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The mass of water vapor contained within the control volume at any time

may be expressed as:

m = CfaHdﬁx (35)

f

and the increase in vapor mass within the control volume in a time §t

is given by:
BCf

The statement of conservation of vapor mass may be written as:

min . mout N mab. = 9. (37)

Substituting Equations (32) through (36) into Equation (37) yields:

bcf 3 »
. _9m _m' (38)
3t 5xf aH

The mass flux thrSugh any plane due to diffusion can be expressed as:

Bcf

mdif. = -D B—X_f (39)
and the vapor mass flux due to bulk (or forced) convection flow as:
m, .. 1% (40)
for. aAS

where CtAs total open arca of the fabric (ftz)

V1 total volumetric flow rate through the fabric (ft3/s-;c)

local vapor concentraticn in the fabric (1b/ft3).

Ct




. A T e —— I

It should be noted at this point that Vl is positive when the bulk flow is in

the negative x direction. One may now write m as:

or, utilizing Equations (39) and (40), one obtains:

c [ aCf vlcf
m_-l.Da-g‘*'—ﬁs . (41)

Let us now define the dimensionless absorbed mass of water vapor by:

m,
Mz — (42)

m,.

fi.

where mj = mass of liquid in the fibre at a time {t)

mfi = mass of the fibre.

But, the mass of fibre can be expressed as:

ni.. =0

fi fi. (1 - (Z)Hd&xf (43)

and thus:

my=Mo . (1 -a)Hd bdx (44)

fi f

In a time increment dt, m, increases by an amount:

5 o™ bt = OM 1 - )Hddx, & 45
m, = —p— Ot = ¢ Ppy (1 - QHAOx, Ot (45)

Equating this increase in liquid within the fibres to the increase due to

rate of absorption given by m'ddx_5t, one finds:

{

gtM e (1 -O)Hdﬁxfﬁt = r:n‘dﬁxfbt (46)

-19 -




or:

{
1 -0 3 M
Pei.  —3t (47)

Substitution of Eqoations (41) and (47) into (38) yields the final governing

equation for the mass diffusion process in the fabric:

9%
O
-

o
o
Fd

f N °C, V& 1 - o 3M
- D —_—

adx oA

f f s

* ‘\u P, 3t - (48

2. The Energy Equation

The energy which enters and leaves the control volume shown in Fig-
ure 3 through the various surfaces will now pe established. The energy

entering due to diffusion through the left-hand face of the control volume

can be written as:

. = m
in

r
ait dif. dOHbtlcp (Tf - Tref) + A (49)

v
and the energy leaving through the right-hand face by:

3
E = E, 4 B Bx.; (50)
out it Naif, Ox ingie !

thus, the net energy inflow, due to diffusion only, can be expresseAd as:

AE ..., = E, -E
dif. mdif. outdlf
= - 0 m (¢ (T, - T Y+ \)|doHBt Bx (51)
5xf dif. P, f ref’ f !

-20-




The energy entering the control volume through bulk (or forced) flow is:

in = doHb5t [cp (Tf - Tref) + x} m (52)
for. \ for.
tmo doHbt [c _ (Tf - rref)]
for. air
V.pair
here m represents the air mass flux (= - !
W airfo__ a Zs

The energy leaving the control volume due to bulk flow can be expressed as:

)
= \
Eout Einf + S Tva Ein Sxf. (53)

for. or. f for.

Thus, the net inflow of energy due to the forced flow may be written as:

AEfor. = ®in - Eout (54)
for. for.
2'3—8" mh,, o (T,-T_ J+r|+m . c
*¢ for. P, re alleor. pa.ir
-(Tf - Tref) daH 5t 5x1,.

The energy entering by conduction processes may be expressed as:

an
E, = -kf _a_; Hd 5t (55)

in
cond.

where kf represents the local fabric conductivity (Btu/ft/sec/°F). The
energy leaving the control volume, through use of Taylor's expansion

theorem, may be written as:

E - E, y O E, 5%, (56)

out in
cond cond
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Thus, the not inflow may be expressed as:

N an
AEcond. = —a—;(—f— kf —a—x—f— Hd&xfut (57)

An expression which gives the instantaneous value of the thermal con-
ductivity of the entire fabric is derived and presented in Appendix B.
It will be noted that the thermal conductivity depends on several
parameters and variables including the conductivity of the fibres,
liquid, and air, the density of the fibres and liquid, the dimensionless

absorbed water vapor mass, and the porosity of the fabric.

The total energy contained within the control volume at any instant

may be expressed as:

E = (cpp)air(Tf- Tref)GH 6xfd + Cf [Cp (T

v

- T } + »|]oHbdx d
ref

f f

- me -
t g, (1 - Hdexey (T Teed * g m T Treed
or, withm,. = p,. bdx.d(l . ®)H and met . M, this becomes:
fi. fi. f m,
E = O(Cpp)air + O!cvaf + (1 -0) Pei Cei + (1 -0) Pei € M]
(58)
- )
(Tf Tref + axcf Hd 6xf .
In a time increment ©b&t, this energy increases by an amount:
dE
8E = —— 5t (59)
_ 9
Ty [O(Cpp)air * o‘vacf tl-0a)p, ey +cy MIIAT-T )

+ axcf} Hd® xth.
The statement of conservation of energy may be expressed mathematically

as:
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e —— —. T T AT

adifl. * AEfor. * AEcond. (60)

Substituting Equations (51), (54), (57), and (59) into Equation (60)
yields:

o) ] .
3t \{a(cp Pepr ¥ G Eg) o =@ Bg Gy & € M)] (Te=T o)+ AC,

) .
T 3%, \ Mdif, [CPV(Tf - T .o+ k] 51 (61)
- ?é— m . c (Tf-T t_) + x] +m_, c (Tf-T f)] Qa
X Vior. { Py re alTfor Pair re
3T, |
U= T PV |
Bxf f axfd
\}l pair
Introducing relations (39), (40), and mairfor = - —G_:rs— into this -
equation yields: ’
d { '
3t 1[0“ ir ¥ Gp Ot (L -Gheg (e +ey M)] (=i
\ bc 3 (D écf\ B V,C ) _
5t gxf Bxfl 6xf aAs |
=0_aa_ ¢ |p > (T-T_ | +© 0 Vlcfc (Te-T )
X P, axf ef Exf QA P, ref
i p
9 lpalr o) 0 f
+Q T -T + k
axf cha“_ K ( ref):| Bxf f ox
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In view of the vapor transport equation, the second group of terms on the

left side of the above equation may be replaced by:

~ -
N T 0C 5 (% os[Loo ey 3M
3% (P e \wA | T ' ST
and, dividing the resulting expression by 0 , one cbtains:
| f
. (c o) . +c_ C.|+ |2 (c,. +¢, M)y ( T-T
T at “p?air p, f Ta Pei. i T S f " ref

]

1-a | M, 5 |[p oot (T,-T__)+ N (T,-T__)
= ._.-;—— Pfi. T3t 3% Oxc | p, £~ ref oA va f “ref
v 1 k, dT

> > | K 9T
F oo |pPair TA T Teed| * x| 5 3% | {2

The derivative on the left side of this relation can be expanded to:

1 -¢ an
(cpp)air * vacf * ¢ Pti. (Cfi. < i) ot
oC
. . f, [1-a dM
¥ (ff-Tref) "pv St o Pfi. e ot

and, using the vapor transport equation, one obtains:

e 8 5 |lle @) &6 G oG (c,. + Man
© 27 1 pPlair T %p Tt 5 P, G P eI Ml —5T
[
(64)
oaC
1 -« M o f
v (el o) ( ) Pri. Ce3t S | ox; ‘D axf)
R M1 I P am] .
5xf OKS o pfi. EtJ
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Substituting relation (64) into (63) yields:

g ¢! ] c)Tf
iL(Cp'))a.ir * P, Cf * [ g 'O (Cf * CP,M) ot
|
v c.
[1-¢ oM . O s 1%, 71 | l
= - y + -
')“\ C Pri. St * axf i,D Bxf CPV OKS l (Tf Tref)f
; (65)
pP_. < | e o
17air p |kf ¢

o ' l-0o oM
+5§_\F ‘ox—f _(Tf-Tref) o Pri.St 3¢

o) air
+5xf [ Q’Aq (Tf-Tref)

-

\C, V,C,
d { 17f il-o oM
) (Tf'Tref)cp 3 DPyx*7a |+ (T - Tref)cp l Pti. 3t
v Ot f SJ v i
The second term on the right side may be expanded to give:
3 BCf Vlcf
second term on R. S, = (Tf- T e D +
ref’ " p_ Ox o x cA
v f f s
. - (66)
. 5 Clep . VS | oT,
P <3xf CA axf
v S _J
which, when substituted into Equation (65) yields:
(cp) . +c Co+ 1905 +<:M)|an
p air P, f 0 fi, ‘fi. 12 ) ot
AC, Vv Cp | 3T s 1Yy
= + 2 =
cpv LD axf aASJ Bxf * (cpp)air 5_;12 LOAS (Tf Tref) (67)
[k, AT
d f ~°f 1-0 M
* 3% 3 Exf o |Pri. | M- (CL B va)(Tf- Tref) ot

-




3. The Dimensionless Absorbed Water Vapor (M)

The absorbed wate. vapor can be shown to depend on the two varia-
bles Cf and Tf. Mathematically this is expressed as:

M = M(Cf, Tf)

wvhere it is assumed M is always in equilibriwm with the surrounding

water vapor concentration and temperature. A very complete discussion
of the validity of this assumption, together with experimental verification,
is presented in a paper by King and Cassie.4 Since M is now expressed
as a function of two dependent variables the derivative of M with respect

tc any independent variable may be expanded in the following manner:

oM _ oM °S¢ . am °T¢

30 © 3¢ 307 T I 30Y

If the following definitions are now made:

_ M, _ M
U—E;,w---ﬁ—f (68)

one may rewrite thc preceding expressions as:

acf oT

M ¢
ST G ST sy (69)

Substituting this expansion of derivatives into the mass balance, Equa-

tion (48) gives:

1.0 acf

1 + — 1-¢ an
o Pri.%| 3t

e )ofi. - F ol L A7
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and Equation (67) may also be rewritten as:

1.0‘) ' 1-: . Sl
(Cpp)alr Cp Cf+ =%, S Ol w[k- (¢, “%p )(Tf°Tref)J. st
K ! : v 3
)
1 oC oC, V.C,.|0oT
l-c oG £, V19|91
'( C )Dfi. {X - ey -va)(Tf'Tref)J' 5t € . Ddxf+ oA_|dx,
v k, 3T
d 1 ) ( f f
"o e TR, e Tred | T T S (1)

The evaluation of sigma and omega is presented in Appendix B.

4., The Initial and Boundary Conditions

The initial condition for the fabric temperature distribution and vapor

concentration distribution shall be written as:

at t=20 T

f Tfi (xg)

O
!

£ - Cfi (x)

The boundary condition for the fabric at the fabric outer surface (xf = 0)
is obtained by equating the vapor mass entering the surface planc :rom
the interior of the fabric to the vapor mass leaving the surface plane into
the external air environment. The energy boundary conditionis similarly
obtained by equating the energy conducted into the surface of the fabric
from the interior to the energy leaving the surface of the fabric into the
surrounding ambient air. These two physical facts may be expressed in

mathematical terms by the relations:
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: uC
at { _ oo
at hf -0 ( \D :)T = ho(cf = Cco)
f o
x, =0
{
(72)
3T, |
ke 3%, = UolTy - To)
f o)
X =0
In a similar manner, the boundary conditions for the fabric inner
surface may be expressed as:
T - _K,(C, -C
at xp = Ly "\;)xf = - BylCy - G
xg = Ly
(73)
oT,
Kt 3%, = U - T
X = I.‘f )

D. The Mathematical Model for the Air Gap

A schematic diagram of the air gap control volume is presented in
Figure 4. The mass of water vapor and energy entering or leaving the
control volume are designated by m and E, respectively. In the following
derivations, it should be noted that m and E represent the mass and
energy per uiit time which enter the control volume from the entire skin
surface and leave through the entire fabric surface (that is, not on a unit

area basis).
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1. The Skin Surface

The mass of water vapor entering tnc control volume from the entire

skin surface per unit time can be expressed as:

m_ = nhSAS (1 4)
where:
m_ = entering water vapor mass from the skin (lb/sec)
AS = total skin surface area (ftz)
m_ = vapor transport from the skin surface (lb/ftz/sec).

The enthalpy of this water vapor may be expressed as:

hs = cpv (Tso - Tref) + ). (75)

The energy entering from the skin surface is comprised of this
enthalpy plus the heat transfer due to conduction in the air at the skin

surface. The latter has been expressed as:

= US(TS - Ta) (76)
o

qcond.

Thus, the total energy entering per unit time from the skin surface may

be expressed as:

s shs cond. As
or, using Equations (75) and (76):

1
E = mA |c (T -T_ J+x+UA(T -T)). (77)
s s's|p, S, ref i s s s a .
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2. The Compressor

Tt will be asowind Lot fere 1 v nwrlobiédn isocctueriter and that o com-

pressor supplies a volumetric flow rate described by:

V = V., +V

1 2
where:
\./ = total volumetric flow rate (ft3/sec)
\./1 = volumetric_ flow3rate which passes through the pores
of the fabric (ft°/sec)
\.’2 = volumetric flow rate which passes through auxiliary

vents or orifices (ft3/sec).

The mass of water vapor entering from the compressor can be

expressed as:
m_ = VCC = (.l +V2)CC

The energy entering from the compressor can be expressed as:

E =CVh + Vh_. o
c c v

air_Tair
c c
where:
hv = CPV(TC - Tref) 2 = enthalpy of water vapor at the
¢ the compressor (Btu/lb)
air = Cpair(TC - Tref) = enthalpy of the air at the com-

pressor (Btu/lb).

- 31 -
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It will be assumed that the air density is constant throughout the air gap,
fabric pores, compressor, and ambient air. With the definitions for

enthalpy as given above, one may now rewr .e Equation (80) as:

Ec = (V1 + VZ) (Cccp + Cp ‘ pair)(Tc S Tref) + Cc X] . (81)
\ air
3. The Orifice

It shall be assumed that the air and water vapor leaving through the
orifices is at the average air gap temperature (Ta) and the concentration

(Ca). Thus, the water vapor leaving per unit time may be wriiten as:

m = C.V, . (82)

or. a ¢
The energy leaving can be written as:

.y _ )
E, =V, (vaca+cppair)(Ta Tref)+xca} . (83)

4., The Fabric Inner Surface

The water vapor leaves the control voiume through the fabric inner
surface by both diffusior and forced bulk flow. The total mass leaving by

diffusion will be expressed as:

m - -K,A (C. -C_) (34)
Lais. S

where:

¥. = mass transfer coefficient at the fabric inner
surface {ft/sec)

C, = vapor concentration at the fabric inner surface
1 (1b/ft3).
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B il Ll

The mass of vapor leaving due to forced flow is:

i
< -

m lC-. . (85)

for. 1

The energy leaving due to conduction and radiation at the fabric surface is

cexpressed as:

Ef = - UlAs(Tf -Ta) (86)
1 1
where:
Ul = heat transfer coefficient at the fabric inner surface
{Btu/ft¢/sec/°F)
Tf = fabric inner surface temperature (°F).
1

The energy removed with the water vapor by diffusion can be expressed
as:

q
E = m c (T, -T )+
fdif. P, fl ref J

v

] (87)

- KlAs(Cf —Ca) c_ (T —Tref)+ A

1 By _]

where we have assumed the vapor to leave at a concentratio:n Cf and the

tumperature (Tf ). 1

1
The energy removed by the forced flow can be expressed as:

By = Vylle, Cp tey o  NTp =T ) 42Cp | . (88)

3 P, N air 1 1
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5. The Mass and Energy Balance Equations

The mass of water vapor contained within the air gap can be ex-

pressed as:
m = CaAsL (89)
and the energy within the air gap by:
air 27

E = [(cvaa + cp p_. )(Ta-Tref) + xca] AsLa c (90)

Conservation of mass and energy require that:

dm _ _
Et_—ms-l-mc mor.-mf. -mf
dif. for
(91)
dE _
dt - E:s+Ec'Eor. —Ef -Ef 'Ef

Utilizing the relations previously given for the quantities appearing in
Equation (91), one may now write the mass balance and energy equations

as:

dC - : .
a _ .
A L -a-t— = Asms.‘?' (V1+V2)C(‘ - CaV

sLa +K1AS(Cf -Ca) - V,Cs . (92)

2 ] 1

and
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1
4] o
Ak, & (vaca * cpair Doy © Lol _)CE} |
J
(93)
=mAc (T -T )+ | mA X +UA (T -T.)
s sp, s, ref | s s s s s, a

+(V1+V2)[(CPVCC+Cpairpair)('I‘C-Tref) +l XCC(V1+V2) +U1A8(Tf1-Ta)

SVic. C t+c. o  MT.-T_)-lvic |+K,A (C, -C )c_ (T -T. )
2 P, a P, air a “ref [2 aJ 177s fl a’'p, 1 ref

+ KlAs(cf -(,a)x -Vl(cp Cf +cp . pair)(Tf -Tref)-IVIXC{
1 _ v 1 air 1 1

In view of the mass transfer Equation (92), the terms in Equation (93) set

off in squares cancel one another.
Expanding the derivative on the left side of Equation (93), one obtains:

dT dC
a

- a
L.S. = (CD Ca + Cp ' pair) T + va (Ta - Tref) T . (94)

‘v air

Substitution of Equation (92) into (94), and the resulting expression into

Equation (93) yields, after considerable algebraic manipulaticns:
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r 14T,
icpv C;a ' (p Yair | Tdt
J
m_< K,c
8 Py ! v .
= — (T -Ta)+ T (Cf -Ca)(l'f -T.)
a o a 1 1
US U1
a o a 1
Vlcpv Vzc .
i T CC(TC-Ta)- Cf (Tf -Ta) t T CC(TC-Ta)
s a 1 1 s a
v, V2
IT - - .
+K L Cp . Pair ‘Tc Tf )+ AL Cp . Pair (Tc Ta)
s a air 1 s a air
The vapor transport equation (92) may also be rewritten as:
dCa r'ns Kl Vl V2
T T 'L C G tET Con )t R (oGl 90)
a a 1 s a 1 s a

E. The Simplified Governing Equations

It is apparent from the preceding section that a large number of com-
plicated coupled differential equations must be solved to obtain a complete
description of the heat and mass transfer processes through a fabric-air
gap-skin system. For the sake of completeness, the derivation of the
various governing equations has been made very complete in the preceding
three sections. Examination of these equa*i~~s indicates that various

numerical methods of solution may be employed in their present form.
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However, one may deduce from various order of magnitude analyses that certain
terms in some of the governing equa‘tions are entirely negligible compared with
the remaining teims, Thus, the inclusion of such terms (or exclusion) will
not significantly affect the results of any computer study.

1. Simplifying Assumptions for the Skin
An examination of the governing equations for energy transport through

the various layers of the skin structure does not reveal any terms which
may be safety disregarded in a fairly complete analysis. Consequently,
the equations for the skin portion of the complete structure, as presented
in Section II-B, must still be retained and used in a numerical analysis,

2, Siamplifying Assumptions for the Fabric
It is known that the diffusion coefficient for water vapor in air der nds

to a certain degree on the air temperature and very little upon the air
pressure, To maintain a reasonably simple mathematical model for the vapor
diffusion through the fabric, it shall be assumed that the diffusion
coefficient rsmains ccnstant with time. For these initial studies, atton-
tion will be directed only at situations where the volumetric flow rate
through the orificea and the porous fabric rewsins constant with time and,
accordingly, it will be assumed at this point that V; and V, are constanc.
Examination of the energy equation for the fab:ic reveals that for
most physically realistic systems the heat capacity (rp p) of the air and
water vapor are negligible compared with the heat capacity of the fibers
and liquid water absorbed by the fibers, Also, the product of the s .cific

heat of the liquid minus th~ specific heat of the vapor multiplied by the

S 59 O




difference between the fabric temperature and the reference temperature
can be neglected 1n the enecrgy equation in comparison with the heat of
vaporization of water. Utilizing the above discussed assumptions and
simplifications, the water vapor transport and energy transport equa-

tions through the fabric structure may be simplified to the following

forms:
Tac 3T ?c, Vv, ac
IES(E=C i1 Jl-¢ L p £, 1 f
a |°6 %3t o [Pri. 3t ‘ Z "0A_ Jdx
axf s f
and
l'ap C +c M-:')\m.léﬂ- l_cp )\Oucf
o Y. | ’ : j It o [Pti* %5t
o |l 3T, v, 9T,
3 |5 x|’ (Cp Ce # ‘p_. Pair) GA~ Ix
f f v air s f

The initial and boundary conditions for the fabric cannot be further

simplified and are reproduced below from Section II-B.

att=20 Tf = Tfl(xf); Cf = Cfl(xf)
[ C
atxf=0 (D — = K (C, -C )
l')(f (o] { 00
\ x.=0 o
f
an
Kt Txg s Uil o)
o
xf=0
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atxf’—‘Lf o D-\Tf = -Kl(cfl -Ca)
355
an\
f ox = - Ul(Tf - Ta) ’
f L 1
Xe ™

3. Simplifying Assumptions for the Air Gap

The vapor transport equation through the air gap cannot be further
simplified from that in the preceding section.. However, examination of
the temperature distribution in the air gap (or energy equation) indicates
that several terms may be neglected in comparison with others. In
particular, all terms which represent the sensible energy carried into
and out of the air gap by ditfusion processes are very small in compari-
son with the conduction heat transfer rates as well as the bulk flow or
forced ventilation transfer rates. Neglecting such terms, the energy

transport equation through the air gap may be simplified to the following

form:
dTa Us U1
(vaca * Cpair‘oair) & 1: (Tso = U —I:: (Tfl - T,)

v, \}l

+ A L cp Cc(Tc B Ta) - Cf (Tf B Ta)] * AL cp Cc(Tc B Ta)
s a v 1 1 s a v
"’1 {rz

* EFE; (Cpp)air (Tc - Tfl) * X;E; (Cpp)air (Tc B Ta’ )

The solution of the complete set of differential equations is presented

in Apperdix C.
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I11. EXPERIMENTAL STUDIES
A, GCeneral

Before the experiments were initiated the parameters to be varied
were isolated and the variation increments were selected. A tabulation of
the parameters and test increments is presented in Table 1. It can be
immediately realized that a systematic and complete study of all the
tabulated parameters and increments would result in a research program
beyond the scope of the present study. A reasonable number of test con-
figurations were selected, which assisted by proper evaluation and inter-
pretation resulted in an overall understanding of the effects of the many
variations involved. To obtain the best results it is essential that very
careful control of the test parameters be exercised, which requires con-
siderable time for all variables to be stabilized. For instance, approxi-
mately eight profiles of total temperature or velocity require a complete
working day of eight hours. Measurements of simulator heat and water
vapor loss require even more time, as the attainment of steady-state

conditions is essential.

All measurements were performed utilizing a standard 8. 8-0z cotton
sateen fabric which has a porosity of 12 cfm/ft2 at 1/2 in. HZO' This
particular fabric was chosen because the largest amount of experimental
data pertaining to fabric physical and thermal properties has been obtained
for this particular type. Further, the theoretical studies presented in
Reference | and Section II of this 1eport utilized thermal and physical
ccnstants representative of this type of material. Future measurements
are planned utilizing a fabric of higher porosity and one of considerably

lower porosity.

Most measurement- were performed with the skin simulator surface
temperature maintained at 100°F. A selected number of tests were per-
formed with the surface at dry equilibrium temperature (no heat or sweat

generation). Mean and fluctuating velocities and total temperature
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Table 1. Variation of Parameters and Test Items

Items to be Measured

Temperature profiles

Mean and fluctuating velocity profiles

Humidity profiles
Skin simulator heat loss
Skin simulator moisture loss

Parameters to be Varicu

Skin simulator conditions

Surface temperature
Moisture

Fabric porosity
External airflow conditions
Temperature
Humidity
Turbulence level
Velocity (ft/sec)
Ventilating airflow conditions
Temperature
Humidity
Turbulence level
Velocity (ft/sec)
(}
Probing stations (x/H)

Fabric spacings (in.)

- 41 -

Range of Variation Increments

Wet buib, dry recovery, 100°F
Wet, dry

Low, medium, high

Low, room ambient, 100°F
Dry, room ambient, saturated
Laminar, turbulent, transitional
0, 5, 10, 15, 20, 25

Low, room ambient, 100°F
Dry, room ambient, saturated
Laminar, turbulent, transitional
0, 5, 10, 15, 20, 25

0.25, 0.50, 0.75, 1.00

0.1, 0.2, 0.4, 0.6, 0.8, 1.0




profiles were measured for various combinations of external and internal
vantilating flows and fabric spacings. The profiles were measured at a
probing station located at the middle of the rear half of the skin simulator
model, These experimental data, combined with empirical predictions of the
boundary layer growth, allow the attaimment of a fairly good understanding
of the boundary layer characteristics over the skin rimulator surface.

The large buik of experiments was concerned w_.h measuramente cf heat
and mass transfer rates for various ventilating flow rates and fabriec
spacings. These data were obtained by measuring the water losses and
electrical power dissipated by the simulator. Care was taken to insure
that a proper accounting of all internal and edge heat losses were obtained.

Probings of total temperature, mean and fluctuating velocities, and
water vapor concentration in the air gap were obtained during the heat and
water loss measurements.

Although the experimental configuration is as simplz as can be obtained,
severel factors exist which tend to complicate the heat and mass transfer
rlow processes., It should be emphasized that the mathematical model was
devsioped for conditions of one-dimensional flow, That is, it is assumed
that condi’ions are not changinrg in the streamwise or spanwise directions,
For various external and internal ventilating flow velocities, it is poasible
to change both the magnitude and sign of the pressure gradient across the
fabric. For instance, when the internal ventilating flow static pressure
is lower than the external, a cross flow of air through the fabric into
the air gap is achieved, When the external pressure is lower, the
reverse is true, In either case, the boundary layer developments are

influe-.ced by distributed blowing or susction in the streamwise direction.
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It has been well established in previous experimental studies that the
amount of heat aid mass lost from a surface exposed to an airflow is a
function of the ventilating flow Reynolds number., Of equal importance is
the degree of free stream turbulence exieting in the core of potential flow
between the twc boundary layers. This turbuler22 intensity, in addition to
the wetted length, determines whether the flow -1ill remain laminar or
transide to a turbulent boundary layer.

B. Experimental Equipment, Technioues and Procedure
1. uipment

a, Hot-Wire ! ment

1) Anemometers and Accessory Bquipment.- Mean and fluctuating

flow velocities were measured with a Disa Model 55401 constant temperature
anemometer, whose nominal frequency response extends to 50 kc/sec. 4

panel meter indicates wire voltages to an accuracy of £ 1 percent. Velocity
fluctuation data in the form of rms values were resd on the Disa panel

meter and on a Ballatine Model 320 true root-mean-square elscironic volt-
meter. Traces of ti: fluctuating velocities were reccrded from a Tektronix
Model 535 oscilloscope using a Polaroid camera. The Disa anemometer and
associated equipment are shown in Pigurc 5, and a schematic drawing of the
circuits is presented in Figure 6.

(2) Hot-Wire Probes.- A photograph of the type of hot-wire probe

utilized for these studies is shown in Figure 7. It was designed to allow
probings both close to the skin simulator surface and the fabric inner
surface., The sensing elcment i~ a 0,2-mil diameter platinum-plated

tungsten wire soldered to two needle supportc.
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Figure 5. Hot-Wire Anemometer and Accessory Equipment
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Fig. e 7. Hot-Wire Probe
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b. Temperature Measuring Equipment

Skin surface and probe thermocouple output voltages were accurately
measured with a Fluke Model 821A precision differential voltmeter which
can measure voltages to £0. 0] percent plus V. The skin simulator
temperature-regulating thermocouples were read on an automatic cycling,

24-point, Honeywell Brown stripchart recorder.

The sensing clement of the temperature probe is made of 1-mil
diameter copper-constantan tuermocouple wire stretched across two
supports formed of an insulatis_ giass material to reduce conduction
errors. A drawing of the thermocouple temperature probe is shown in

Figure 8.
c. Pressure Measuring Equipment

Pressures were read on a precision Betz micromanometer. This

instrument has a reading accuracy of +0, 0008 in. HZO'
d. Water Vapor Measuring Equipment

Water vapor concentration profiles were measured utilizing a Litton
Model SP-100-IR infrared hygrometer and miniature mass flux probe.
The infrared hygrometer is sensitive to water vapor concentration with a
calibration in terms of grams per cubic meter. This information, com-
bined with a knowledge of the boundary layer temperature profile allows
calculations of water vapor concentration in terms of partial pressure.

A schematic diagram and photograph of the hygrometer are shown in

Figure 9 and the mass flux probe is shown in Figure 10.
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Figure 8. Thermocouple Probe
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8. rrohe Astuaticn Device

FPor improved accuracy and simplification of the probing measuremants,
a method was devised in which the hot-wire, temperature, and mass flux
probes were actuated simultaneously. The probes were arranged in a span-
wise orientation. All indications show- that flow variations in this
direction are very small and any errors introduced by this method ars
considerably less than those obtained by comparison of probing results
for separate runs,

The probe support is made of stainless steel tubing of two different
diameters to minimigze probe disturbance effects, while allowing a fairiy
rigid insertion methcd. The grouping is positioned utilizing a precision
vernier caliper actuating mechanism which allows a positioning accuracy of
£.0.001-inch, Figure 11 shows the probes attached to the actuation mschanism,

f. Skin Simulator Model

The previous measurements! were performed utilizing a fairly small
skin simulator model. In addition, it had other limitations on water supply
and temperature control,

To improve *h» validity of the results and to allow a better comparison
with theory, ths following improvements were made:

1) Longer model.- As the theory does not consider two-
dimensional effacts, created by changes in the stream-
wise direction, it was decided that a longer model was
required. This helps to reduce leading edge effects
caused by the discontinuity at the joining surfaces
between the skin simulator front edge and the tunnel floor
plate. The longer effective "wetted" length also creates
a thicker boundary layer and allows probings at higher
Reynolds numbers,
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Figure 11, Probes Attached to Actuation Mechanism




2} Better control of heat release ntne mudel. - To g.cu-
rately determine the heat Lctually lost to the airstream,
it 1s »ssentiai that edge ana internal losses be carefully
coatrolled. This 1s accomrlished with an improved guard
heater system. Because . f the method of adding heat to
the outer surfaces of the early skin simulator model, it
was not possible to maintain a constant temperature at
the higher Reynolds numbers. New methods of tempera-
ture measurement and control are incorporated in the
new model.

3) Better control of water rclease in the model. - A new
system to distribute and meter the water to the simulator
was designed and fabricated. This allows better control
of the water fiow and results in easier adjustraent of sur-
face temperatures.

The simulator (see Figure 12) is housed in a Lucite test section
having inner dimensions of 6 x 4 x 18 inches. The major component of
the test model is the onter surface upon which the heat and mass transter
effects take place. It is formed of sintered bronze of 7-micron porosity

and has a width of 6 inches and a langth of 12 inches.

Immediately below the top plate is a sintered bronze plate which has
larger pores (100 micron) and irrigation canals to distributc the water,
insuring a uniform moisture supply to the top surface. Polyethylene
insulating strips surround the porous layers. A solid copper plate is
located below the porous section and is sealed to the polyethylene side
insulators to confine the water supply within the sintered bronze. The
water enters through a plastic feed pipe through the center of the copper
plate. The main heater bed contains 35 feet of fine nichrome wire
(0.025-inch diameter) imbedded in a thin epoxy layer on the underside of
the solid copper heat distribution plate. The guard heater system con-
sists of the main guard heater, which 1s applied to another copper plate,
separated from the main heater bed by a triple layer of 1/8-inch thick
prlyethylene sheets. Peripheral guard heaters of nichrome wire ribbon
are imbedded within the polyethylene strips surrounding the surface

layers.
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The guard heater temperature monitoring system consists of copper-
constantan thermocouples mounted in pairs across the various insulating
control layers. A pair is attached across cach polyethvlene side strip
and the ribbon guard heaters are adjusted for zero difference in the output
of these control pairs. Similar pairs are mounted across the middle
sheot of the insulating layer between the main heater and the main guard
heater beds. When all guard heaters are adjusted to yield zero heat flux
through the insulation materials. as indicated by a null condition for each
thermocouple control pair, all of the energy dissipated in the main heater
bed must appear as heat flux through the skin surface. These thermo-
couples were connected to the 24-point Honeywell Brown strip chart

recorder which had been calibrated for copper-constantan junctions.

Heating power adjustments were made with a variable Perkin d-c
power supply with magnetic regulation. The main heater and main guard
heaters operated in parallel from the output of this supply but each
heater's relative current could be controlled with series-wired power
resistors of the slhide wire type (see Figure 13 for a schematic of the
electrical system). Ribbon peripheral heaters were a-c powered by a

Variac autctransformer.

The temperature of the skin was measured with a set of eight copper-
constantan thermocouples surface-mounted on the top bronze plate. To
insure that true surface temperatures are sensed, special installation
procedures were utilized. Teflon-coated, copper-constantan thermo-

couple wire of 0.005-inch diameter was utili 'd to form the junctions.

The leads are brought to the surface through separate holes on
1/8-inch ceniers. At the surface they are bent horizontally and cemented
into a shallow groove bhetween the holes. In the center they are soldered
together and to the bronze surface; the Teflon insulation is retained
except in the immediate vicinity of the joint. These thermocouples are
referenced to an ice bath and the output voltages read on the Fluke digital

voltmeter.

P
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The entire assembly is inserted into an open-top Lucite retaining box
with a heavy insulation layer below the lower guard heater, The water feed
pipe and all heater and thermocouples leads exit through the bottom of the
box.,

g+ Test Chamber and Fabric Positionins Components

The improved skin simulator model is housed in a Lucite chamber which
allows visual observation of the test components during the measurements,

The fabric test samples are mounted on a mounting frame which consists
of two pieces of 1/32-inch thick aluminum plate. The fabric was stretched
across the bottom plate and epoxy cement applied around the edges. The top
plate was then positicned and the assembly was ready for use aftor the
epoxy had cured.

Several types of positioning methods were utilized, d:yending upon the
test configuration utilized. For the early tests the fr ae was inserted in
slots machined into the test chamber side walls, allowing positioning incre-
ments of 0.1, 0.2, 0.4, 0.6, 0.8 and 1 inch. The fabric spacing is changed
by removing one of the test chamber sidewalls., A second method allows more
flexibility in positioning and reduces the danger to the probes when changes
are made, This utilizes Silastic gaskets on each side of the mounting frame
which hol¢ the unit in the desired position. The test chamber and fabric
mounting plate are shown in Figure 1.

For the final heat and mass transfer rates the test chamber configura-
tion had the cover open and the upper channel blocked at both ends with
sheet metal plates. This arrangement simulated a condition of no external
flow with the fabric exposed to the outer environment, These plates
fastaned tc the fabric holder frame and extended vertically out of slots

in the tunnel roof. Lines were scribed horisontally across these plates
- 37 o
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corresponding to air gap dimensions of 0.1, 0.2, 0.4, 0.6, 0.8 and
1.0 inch. The desired gap dimension was easily selected by manipulating
the fabric holder by mcans of these projecting sheets until the correct

scribe lines coincided with a fixed reference line on the tunnel top.
h. Water Supply System

Water to simulate mass transfer effects created by perspiration is
supplied by the system shown in Figure 15. This consists of supply
tube (A) which drips into reservoir (B) and stand pipe (C) maintains the
water level in the reservoir while container (D) cgtches the overflow.
Water is transported to the skin through feed pipe (E) and tubing (F) acts
as a height gauge to judge the level of the water table relative to the skin
surface. Using a reservoir with a large surface area made it possible

to adjust the drip rate to produce a minimal amount of over flow.

2. Reduction of Hot-Wire Mean and Fluctuating Velocity Data

a. Mean Data

The hot-wire probes (see Figure 7) were calibrated in the fabric test
facility. This was accomplished by positioning the probe in the potential
flow region in the channel (away from the walls) and obtaining corres-
ponding values of velocity (from micromanometer pressure readings) and
hot-wire bridge mean voltage. The velocity was varied from 0 to 30 ft/sec.

Refer to Appendix E for a detailed discussion of the appropriate equations.

A plot of mean bridge voltage Eb versus mean velocity U for two
probes is shown in Figure 16. As shown in the above appendix, the
calibration procedure can be simplified if we take advantage of the

following linear relationship:
-2

ES = A+ B (D)

/2
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Figure 15. Skin Simulator Water Supply and Control System
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Wheonthe dbmsity pis constamt,.the.aboveisquation can be written inh the
form

where A is the ordinate intercept and B' is the slope of the line. This

linear relationship for the two probes is shown in Figure 17.
b. Fluctuating Data

Turbulence intensities are obtained utilizing the following aquation

from Appendix E:

1 400 E-b
Z Z b

' (percent)

.
T

where:
u' = rms fluctuating velocity
eb' = rms fluctuating bridge voltage
Ebo = mean bridge voltage at zero velocity.

The mean and fluctuating velocities are read on the Disa anemometer

panel meters.

To simplify the calculations, the term

400 E
'3 2

designated as the turbulence parameter d, is plotted as 3 function of Eb in
Figure 18. The turbulence intensity u'/ U can then be calculated for

. ]
various values of ey and Eb'
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3. Procedure

The various parameters determining a particular test run condition
generally interact with each other; 1. e., a change in velocity requires a
read justment of heater power, which requires a readjustment c¢f guard heaters,
etc, It was found that a change in the air gap dimension requirasd the least
amourit of rebalance in the control of the remaining parameters, thus it was
chosen a3 the parameter to be varied first and most frequently.

With the air gap adjusted, the velocity was uelected by a valve in the
outlet from the plenum chamber of the blower., The velccity was determined
either from pressure readings with the Betz micromanometer or from the
bridge voltage of a calibrated hot-wire anemometer using the Disa equipment.

The main heater was adjusted to yield 100°F as measured by the surface
thernocouple located at the probing station. The guard heaters were
balanced to produce the same temperature on each member of the control
thermocouple pairs mounted across the insulating layers between the main bed
and the guard elements., The rate of heat loss was determined from the
current flow and voltage drop across the main heater.

Moisture consumption rates were computed from the amount of water gone
from the supply tube less the amount present in the overflow container,
averaged over a period of several hours., It is important that the system
be in steady-state equilibrium before recording heat and moisture loss.
Operation in a steady or controlled ambient environment greatly facilitates
the establishment of equilibrium conditions.

The skin simulator, for the wetted runs, was leveled utilizing the four
support screw legs. The height of the water table was maintained just below
the top of Lhe porous skin surface by adjusting the height of the reservoir.

The use of distilled water helped prevent accumulations of scale or scum

which could clog the pores in the skin surface.
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Temperature, velocity, amd humidity profiles were recorded by
traversing the air gap with the specially designed probe mechanism pres-
vicusly described. The micrometer drive head actuates, asimulia- usly,
thres probes arranged side by side with their sensing elements in the same
horizontal plane, Thus, at each height peosition in air gap, temperature is
obtained from the thermocouple velocity from the hot-wire, arnd humidity
via t} s mass flux probe at exactly the same values of ambient and test
chamber parameters.

Tr .verses for the wetted runs were alwrys started at the underside
of the fabric and procesded downward tc the skin surface. This procedure
was necessary because capillary action would cause a bied of water to be
drawn vp around the probe tips when they contected the skin surface., This
bead of water would cling to the probes for scae time after they were
raised off the surface, during which time the thermocouple reading would
approach "wet-bulb" values while humidity readings would tend to indicate
saturation. During the dry skin runs, the mass flux sampling tube was used
to yield a total pressure profile.

The infrared hygrometer was also use’ , monitor the ambient humidity.
The hygrometer calibration was checked daily since the density in the
sensing chambsr was affected by the small sensing orifice in the probe as
wel). as changing flow corditions in the test chamber. The sampling rate
was adjusted to obtain isokinetic sampling, thus minimizing the dis-

turbance of the tlow fieid by the prcte‘s presence,
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C. Discussion of Results

1. Preliminary Measurements

a. Variatior of External and Internal Ventilating Flows

It was decided that knowledge of the flow conditions in the air gap was
necessary before other measurements would be carried out. This con-
sisted of measurements of mean and fluctuating flow velocities in the air
gap for various spacings and ixternal and internal ventilating flow rates.
The top cover was in place for these measurements. This information
was necessary to determine the nature of the viscous boundary layers

growing on the skin simulatcr and fabric surfaces.

These velocities were measured with the DISA hot-wire equipment.
Surface static pressures were obtained with the Betz micromanometer.
The skin simulator su.face was allowed to remain at dry recovery condi-

tions.

(1) Mean Velocity Data. - The mean velocity data were nor-

malized by dividing the measured local velocities by the nominal ventila-
ting flow velocities at the leading edge of the fabric. The vertical ordinate
was divided by the nominal fabric spacing La' Figures 19 through 25

show velocity data for various constant nominal air gap spacings and

outer ventilating flow rates with the internal ventilating flow as a
parameter. At the low velocities a characteristic laminar profile is

obtained, while at the higher velocities the flow tends to be turbulent.

Because of cross-flow rates through the fabric at various combina-
tions of flow velocities, some of the measured mean velocities in the air
gap are greater than the nominal values at the fabric leading edge. It can
also be seen in some cases that the fabric bows up because of pressure
differences, which accounts for some normalized vertical probing posi-

tions being greater than unity,
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At the smaller fabric spacings the boundary layers on the skin simulator
and fabric surfaces merge, leaving no room for potential flow (see Figures 19
and 20). The strongest interactions between fabric and skin surface occur
for this condition. For larger spacings the influence of fabric on the skin
boundary layer is diminished, especially at the lower ventilating flow rates,

Proper interpretation of these data depends upon knowledge of static
pressure distributions along both surfaces of the fabric. At this time these
pressures can only be measured at the fabric leading and trailing edges., It
is also essential that future probings mus: be made at various x/H positions,
where H is the skin simulator length.

The repeatability of data is indicated by separate traverses for
identical test conditions, as shown in Pigures 26, 27 and 28, This factor is
especially important as dependence is placed upon the constancy of the flow
when simulator heat and mass loss is related to measured profiles of
temperature, velocity and concentration.

The effect of varying the external flow while maintaining a constant
ventilating flow is shown in Figure 29, For this particular spacing and
high ventilating flow rate, the data indicate a second order effect.

Figure 30 data show a consistent increase in centerline velocity as the
gspacing is decreased, even though the nominal external and ventilating flows
remain constant. For higher flow vates, Figure 31 indicate. little change.

To create a true zero flow condition in the external flow channel, it
becomes necessary to physically block the air passage. The effects of
upstream and downstream blockage are shown in Figure 32, These data
show that downstream blockage does not stop the outer flow, as it can
flow through the fabric into the air gap.
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(2) Fluctuating Velocity Data.- Oscilloscope traces of the hot-
wire bridge fluctuating voltage, which is related to flow velocity fluctua-
tions, are shown in Figures 33 and 34, Figure 33 presents traces for a nomi-
nal fabric spacing, Ly of 0.4 inch for various combinations of external and
ventilating flows. In general, the highest turbulence intensities, u'/ ]
occur near the fabric, although an unusually high level at 44.9 percent is
reached at the skin simulator surface for run no. 43. At the present time
this high value cannot be explained.

Figure 34 shows data for two vertical positions of 0.005 and 0,20 inch
at various nominal ventilating flow velocities ﬁ; . The transition from
laminar flow at lower velocities to turbulent flo:FZt higher velocities, as
evidenced by higher turbulence intensities (®20 percent), is clearly shown.

Figrres 35 through 38 show turbulence intensity profiles for various
ventilaling flows at constant external velocities. Most of the data show
high turbulence intensities in the boundary layers with lower values in the
middle of the air gap. The high turbulence intensities near the fabric are
probably caused by the fact that the instantaneous velocity vector U 1s not
zero due to the cross flow across the fabric. It may be recalled that the
hot-wire probe is relatively insensitive to the turbulent y velocity compo=-
nent v' for normal boundary layer flow conditions at low turbulence intensi-
ties, This can be ssen by performing a vector addition of the fluctuating u’
and v' components to the mean velocity U. Because of cross flow, both the
mean and fluctuating velocity components in the y direction are not zero and,
in fact, are probably larger than the x components., This indicates a very
complicated flow condition near the fabric. It is also possible that some of
the low frequency contribution to the total turbulence intensity is provided
by vibration of the fabric. The phenomena involved is being studied further.
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Shown 1n Figure 39 are traverses for a constant ventilating flow rate
and variable external velocities, Except for the highest externz2l welocity
of 25 ft/sec, the influance on turbulence intensity is quite small.

Figure 40 shows data for various air gap epacings. For these particular
flow conditions the effect of spacing is small, indicating essentially
laminar flow conditions,

b. Variation of Test Zestion Tonfiguration

It wae decided to establish some of the gross characteristics of various
possible experimental arrangements before proceeding with the bulk of the
tests, Four different configurations were studied at ventilating flow
velocities of 5, 15, and 25 ft/sec. Th irst two confijucations were
selected to establish the characteristics of a system in which no flow passes
through the fabric, In these, as well as in the subsequent two arrangsments,
the inlet and exit planes for the external flow channel were blocked off and
sealed, In addition, for the first two configurations studied, the cover
plate at the top of the external flow channel was left in place and sealed
tightly to prevent. any inflow or ouvtflow of air into this channel, For this
condition, any flow of air within the external channel must come through
the fabric from the air gap. Smoke tests at all air gap ventilating flow
rates Jtudied indicated tha* no fiow existed in the external channel, This
showed that the pressure difierence across the cloth in these two experi-
mental arrangements could be considered as negligible.

The variation of the power consumption of the skin simulator model for
these two cases is presented in Figure 41, In the induction case, room air
was drawn through the air gap channel by attaching the downstream end of the
channel to tne low prezsure side of the prmp. In the blowing case, the high

pressure side of the pump was attached to the upstream section of tunnel by
- 93 <
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Power Consurontion, Q (watts)
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T T
Surface Temperature, TS = 100°F ’A
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Dry Conditions O
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1
51 -
O Induction; cover on
O Blowing: cover on
V¥ Induction; cover off
O Blowing; cover olf
0 | |
0 10 20 30
Nominal Velocity, Unom (ft/sec)
Figure 41. Power Consumption for Various Configurations
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T

the flexitle tubing and the downstream end of the channel exhausted into the
atmosphere., The induction system provides a relatively smooth laminar flow
through the test section while the blowing system was observed to provide
turbulent flow within the air gap. Comparing curves 1 and 2 in Figure 41, it
is noted that the blowing configuration (highly turbulent) produces a larger
power consumption than that produced by the induction configuration (low tur-
bulence level). This result is by no means surprising since a high turbu-
lence level is observed to increase the rate of various transfer processes,
The same trend is noted when one compares curves 3 and 4, namely, the
biowing case provides a larger heat loss than the induction case. In these
last two cases, the cover plate was removed so that the external ambient
pressure would always be equal to the atmospheric pr-ssure. These config-
urations allow the flow of air either into or out of the air gap through
the fabric surface. In the induction case (curve 3) the pressure wdthin the
air gap was less than the atmospheric pressure above the fabric surface,
Therefore, there was a net inflow of air through tne fabric, In the blowing
case (curve 4) the internal pressure was greater than the ambient external
pressure and & net outflow of air through the febric surface was observed,
Since one would expect flow conditions to be turbulent in actual field
conditions within the air gap, it was decided that a blowing configuration
which produces these turbulence conditions should be utiliged. It is also
evident that in field conditions one may observe a pressure differential
across the fabric. To simulats such a pressure difference, it is necessary
to run the various experiments with the cover plate off. It is felt that
with the cover off, blowing configuration provides the best laboratory

simulation of expected field conditions.
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2. Final Measurements

a. Dry Surface Conditions

No water was used in tie skin simulent in these studies so that non-
sweating conditions could be simulated. These tests were performed with
the top channel blocked off and cover open. Temperature and velocity
distributions through the air gap were recorded for air gap thicknesses of
0.2, 0.4, 0.6 and 1.0 inches at air gap velocities of 0, 5, 15 and 25
ft/sec.

The non-dimensional temperature distribution through the air gap
for the various configurations arepresented in Figures 42 through 45, The
skin surface temperature is utilized in all of these figures as a reference
temperature. The dimensionless temperature is determined by finding
the difference between the local temperature in the air gap and the skin
temperature, and dividing this difference by the maximum difference
between the skin temperature and air gap temperature. The thickness of
the thermal boundary layer is determined by the value of y/I_a at which

the dimensionless temperature becomes unity.

Figures 42 through 45 indicate that the thermal boundary layer thick-
ness at the probing station decreases as the velocity of flow in the air gap
increases. oine also notes that the temperature gradient at the surface
(y/l..a = 0) increases with increasing ventilating flow rates. Since the
heat transfer from the plate is proportional to the gradient of temperature at
the plate surface, it follows that the heat transfer increases with an
increasing ventilating flow rate. In all experimental studies conducted,
the thermocouple probe utilized to measure the temperature distribution

' through the air gap never quite reached the temperature indicated by the

thermocouple buried within the skin simulant near the surface.
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.Dimensionless Vertical Position, y/L
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Figure 42. Dimensionless Temperature versus y/ La for Various

Ventilating Flow Rates (I.Ja = 0.2 in., Dry Surface)
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Dimensionless Vertical Position, y/ La
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Figure 43. Dimensionless Temperatura versus Y/La for Various

Ventilating Flow Rates (La = 0.4 in., Dry Surface)
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Figure 44. Dimensionless Temperature versus Y/La for Various

Ventilating Flow Rates (La = 0.6 in., Dry Surface)
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Figure 45. Dimensionless Temperature versus y/La for Various

Ventilating Flow Rates (La = 1.0 in., Dry Surface)
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This phenom;enon has been repeatedly observed in similar experi-
mental arrangement and can be attributed to various interactions when the
probe reaches the proximity of the wall. Since the thermocouple within
the skin simulant should indicate the skin simulant surface temperature
more accurately than the probe, this indicated temperature was utilized
as the reference value for these curves. It is because of these differences
in probe and surface thermocouple temperature indications that the experi-
mental points do not pass through the origin in the figures, Considerable
scatter is evident in the zero velocity data at the larger spacings. This

is probably due to combined conduction and free convection effects.

A dimensionless velocity, obtained by dividing the local by the maxi-
mum velor‘ty, is presented in Figures 46 through 49 for the various
spacings. It can be noted from these figures that the velocity profiles
become more fully developed as the velocity increases. Figure 49 in
particular shows the potential core characteristics of the flow when the
air gap spacing is fairly large. One notes from this figure that an effec-
tive boundary layer has developed along the skin simulant and fabric s..
faces and also that this boundary layer thickness decreases as the velo-

city of the flow increases.

A summary of all of the data for these initial dry surfiace experimen-
tal runs is presented in Table 2. The first column of this table indicates
the run number assigned to each experiment. Columns | and 2 indicate
the air gap thickness and ventilating flow velocity, respectively. Columns
3, 4 and 5 present the skin surface temperature, minimum temperature
through the air gap, and temperature gradient at the skin simulant sur-
face. The total heat generated by the skin simulant (Q) is presented in
Column 6. The overall heat transfer coefficient for the skin simulant

model may be convention.ally defined by the expression:

u = (97)
where Us is the overall heat transfer coefficient.
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Dimensionless Vertical Position, y/L

1.0 T | ] T
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Figure 46. Dimensionless Velocity versus y/La for Various

Ventilating Flow Rates (La=0. 2 in., Dry Surface)
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Dimensionless Vertical Position, y/L
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Figure 47. Dimensicnless Velority versus y/La for Various Ven-

tilating Flow Rates (La = 0.4 in., Dry . urface)
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Figure 48. Dimensionless Velocity versus y/La for Various

Ventilating Flow Rates (La = 0.6 in., Dry Surface)
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The values of the overall heat transfer coefficient as determined by
Equation (1) are presented in Column 7 of Table 2, The more conven-
tional way of presenting heat transfer coefficient data is in terms of the
dimensionless Nusselt number. Consequently Column 8 presents the
values of the Nusselt number based on the average heat transfer coeffi-
cient presented in Column 7. The theor-tical analysis presented in
Appendix D indicates that the dimensionle. > Nusselt number should

depend upon the dimensionless parameter

X

Nu = Nu [(Re Pr)-l 1—7-2-] (98)

a

where Re represents the Reynolds number of the flow based on the
channel half height. The values of this dimensionless grouping are pre-

sented in Column 9 of Tabie 2.

Similar to the definition of the overall heat transfer coefficient given

by Equation (97) one may define a local ccefficient by the relaticn:

“s T T TT fetel)

where K is the conductivity of the air-water vapor mixture of the skin
surface, and (d'.:'/dy)y_ 0 represents the skin surface temperature

gradient,

Utilizing the probe data for the distribution of temperature through
the air gap, the gradienr .f temperature at the skin surface was graphi-
cally determined and is presented in Column 5 of Table 2. The locai
transfer coefficient was then calculated utilizing Equation (99) together
with the data of Columns 3, 4 and 5. This local transfer coefficient is

presented in Column 10. The local Nusselt number defined 1n the manner

- oo -
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similar to the average Nusselt number but with the local transfer coeffi-
cient replacing the overall transfer coefficient, is presented in Column 11,
The dimensionless arameter given by Equation (98) and evaluated for the
local station under consideration (i.e., at x = 0.75 {t) is presented in
Column 12 of Table 2.

The graphical representation of the variation of the average and local
Nusselt nrumber with the dimensionless rarameter (I'e Px')-l 1:37-2- is pre-
sentec in Figures 50 and 51, respecti+ .y. The solid experimgntal points
shown in these figures are for the experimental cases where a wet surface
was maintained on the skin simulant, and these will be discussed in
part 2. b of this section. The curve in Figure 50 labeled '"empirical' was
obtained by passing a straight line through the experimental data for a dry
surface. The curve labeled ''theoretical'', was obtained from Appendix D
and the reader is referred to this appendix for the derivation therecf. It
is of special interest to note that these two curves possess very similar
and almost identicai slopes with a major difference being in the multiplying
constant. It is perhaps surprising to find such close agreement between
theory and experiment, considering especially the many simplifying
assumptions utilized in the development of the mathematical model which
leads to the dashed curve in Figure 50. As shown in Appendix D, the

local and average Nusselt numbers can be related by the expression:

X T
US La/Z 1 u _a/Z
k X

or (109)

usLa/Z
— % T & |* T
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Utilizing this relation together with the empirical equation from

Figure 50, the variation of the local Nusselt number with the dimension-
less parameter is shown in Figure 51 as a solid curve. One notes that .
this empirical curve correlates quite well with the local heat transier
data also, Since the average Nusselt numbers were obtained through
temperature gradient surface déta. the correlation observed through the
empirical relation tends to indicate that the experimental fiata can be

assumed to be fairly accurate.
b. Wet Surface Conditions

The dry surface experiments have provided a base with which one
may compare the heat transfer characteristics of a wet simulant surface.
The attainment of thermal as well as mass vapor transfer equilibrium
with a wet simulant requires considerably more time than with a dry
simulant surface. It was, therefore, not possible to obtain as many
‘experimental runs with the wet simulant as with the dry simulant condi-
tion. The experiments compléted, however, indicate a very strong
similarity between the mass (vapor concentration) profiles and tempera-
ture profiles achieved in the dry simulant experiments. Figures 52
through 57 present the dimensionless dry and wet temperature distribu-
tions, together with the dimensionless vapor concentration profiles for
various spacing and velocity configurations. At the higher velocities
(Figures 52, 53, 56 and 57) one notes that the dimensionless temperature
for the wet surface condition is slightly larger than the dimensionless
femperature for the dry surface condition at the same value of y/La.
One.also notes that the dimensionless water vapor concentration values
are less than the dimensionless temperature value for both wet and dry
conditions at the same y/La. The reverse situation is noted to occur in
Figure 54 for the low velocity 5 ft/sec case. That is, over the majority
of the range of y/La from zero to one, the vapor concentration profile

shows a larger value than the temperature profile for both wet and dry
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skin simuiant surfaces This can “< attributed mainly to the fact that for

low velocity measurements the overall variations in temperature or water
vapor are considerably smaller than for the high velocity cases and,
therefore, with the same value of absolute error, the percentage error
will probably be considerably larger for low velocities. This then
implies that the accuracy of the low velocity data can probaktly be con-
sidered to be less than that for the high velocity, and therefore, more
confidence can be placed in the curves presented in Figures 52, 53, 56

and 57 than in the low velocity cases.

The experimental data recorded from the wet simulant surface test
runs are presented in Table 3. Columne | through 4 show the value of the
air gap spacing, ventilating flow rate, skin surface temperature, and
minimum temperature within the air gap, respectively, Column 5 pre-
sents the temperature gradient at the skin simulant surface as measured
from the temperature profiles. Utilizing Equation (99),Column 6 has been
determined to give the local heat transfer coefficient. Similarly,the local
Nussclt number and dimensionless downstream location parameter are
presented in Columns 7 and 8 for each test considered. The total power
output of the skin simulator model is presented in Column 10 with the
total water vapor loss per urit time presented in Column 10. The heat
required to evaporate the amount of water listed in Column 1l may be

expressed by the relation:

Q = AM (101)

evap evap

where A represents the heat of vaporiz:tion of water. Subtracting the .
evaporative heat loss (Column 11) fror: the total heat loss (Column 9),
one obtains the convective heat loss as presented in Column 12. Utilizing
Equation (97) the overall heat transfer coefficient can be calculated and
the result is shown in Column 13, Similar to before, the overall Nusselt
number and downstream dimensionless distaice are presented in Columns

14 and 15, respectively.
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The vapor councentration gradient at the skin simulant model surface
has been measured graphically from the plot of vapor conceuntration as a
function of distance above the skin simulant model and is presented in
Column 16. The surface and minimum values of the vapor concentration,
as measured in each experimental case, are presented in Columns 17 and
18, respectively. The local mass transfer coefficient may be defined by

the expression:

where D is the diffusion coefficient. Similar to the definition of the local
heat transfer Nusselt number, one may define a local mass transfer

Nusselt number by the expression:

ks La/Z
NU(X) = —'—U——‘ (103)

A dimensiorless downstream location as derived in Appendix D for mass
transfer processes may also be defined in a manner analogous to the heat
transfer case. The only difference between the dimensionless downstream
location {or the heat and mass transfer cases is seen to occur in the

replacinug of the Prandtl by the Schmidt number which is defined by:
Sc = § (104)

This dimensionless downstream location is presented in Column 21. An
overall mass transfer coefficient may, in an analogous manne - to the

heat transfer average coefficient, be defined by the expression:

evap

K = (105)
= A(cs-cmin)
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Using the evaporative mass loss from Column 10, the skin simulant area
of 1/2 ftz, and the surface and minimum concentration values from
Columns 17 and 18, one may find the average mass transfer coefficient as
presented in Column 22. Defining the average mass transfer Nusselt

number by the expression:

K L /2
Nu = -"’—D-a—- (106)

and the dimensionless downstream location by the exprecsion:

X

-1
x = (Re Sc) " - (107)
La7z

Columns 23 and 24 are obtained.

The local and average heat and mass transfer Nusselt numbers are
presented in Figures 50 and 51 for the various experiments completed
under this project (by the solid symbols). Once again, one notes that a
fairly good agreement between the theoretical and experimental values is
obtained. Since the basic mechanisms which govern heat and mass water
vapor loss are very similar in nature, one would expect the similarity
indicated by Figures 50 and 51 to be found. Further, even though the
number of experimental points included in these figures is small, it is
felt that some of the discrepancies may be \ratﬁly attributed to certain
errors inherent in the experimental method.; namely, the difficulty in
measuring accurate profiles at low ventilating flow rates. It is important
to ncte that larger values of the diniensionless downstream location
correspond to small values of the ventilating flow velocity and that the
largest discrepancies occur at large values of the dimensionless down-

stream location.
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IV. STATEMENT CF MAN-HOURS EXFENDED

In carrying out the present research investigation, the following

man-hours (by category) were expended:

Category 01
Category 03
Category 05
Category 06
Category 07
Category 09
Category 10
Category 11
Category 13
Category 15

Category 16

Senior Technical Specialist
Technical Specialist I
Senior Scientist

Associate Scientist

Junior Scientist

Technical Editor

Senior E&R Technican
E&R Technician

Model Shop

Art and Photography

Binding and Collating

Total
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16.00 hours
223,50
1884. 50

16.00
214.00

16.00

16.50
763,00

24. 25

37.50

14.00

3225. 25 hours




V. SUMMARY AND CONCLUSIONS

The general objective of the present research study is to establish
definitive relationships to those variables that control heat and mass
(water vapor and/or liquid) flow through composite clothing systems
under static and dynamic conditions. These data will ultimately be

applied in the design and engineering of clothing systems for troops.

To accomplish the above objective a combined theoretical and experi-
mental research program was initiated. The results of the first year of
the investigation were reported in Reference 1. During these early
studies a simplified mathematical model describing the temperature
response of a skin-airspace-fabric system for various environmental and
physical stresses was developed. Experimental studies included mea-

surements of velocity, temperature, and humidity p. ofiles at the surface

of a skin simulator model with air flow.

During the present phase of the program the mathematical model was
improved and additional experiments were carried out. The following

specific tasks were accomplished,

A, Analytical

1) The one-dimensional mathematical model, developed
during the first year, was critically reviewed and several
improvements were made, based upon analytical con-

-~ siderations and experimental data,

2) Existing physiological data were utilized to establish
empirical relations describing the skin thermal conducti-
vity, body heat generation rates, and sweat generation
rates.

3) An analytical description of the absorption characteris-

tics of cotton fibers was established with the use of
existing experimental data.
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4)

5)

6)

7)

8)

1)

2)

3)

A mathematical model describing the variations in fabric
thermal conductivity was developed. A single parameter
must be determined by experiment to completely specify
the thermal properties of a fabric,

The differential equations were converted into an explicit
finite difference form and programmed for solution on a
Honeywell-1800 digital computer. Fabric and skin ther-
meal properties have been allowed to vary with the spatial
coordinate and time in the computer program by using the
empirical relations discussed above.

The stability criteria for explicit numerical methods
were established, indicating a strong dependence of time
increment upon fabric porosity, temperature, and rela-
tive humidity. A real time increment of the order of
0.02 to 0.10 second is typical from stability considera-
tions,

The computer program was checked for errors with a
limited number of calculations and appears satisfactory
and usable.

An integral, boundary layer-type of analysis was per-
formed to predict the variation of the heat and mass
transfer coefficients.

Experimental

An improved skin simulator model with better control of
temperature and water distribution was designed and
utilized in the experimental program.

A probe actuation mechanism that allows simultaneous
positioning of mass flux, total temperature, and hot-wire
probes was designed, fabricated, and utilized to reduce
the time required for obtaining a complete set of profiles
in the airspace. Miniature probes having face hcights of
the order of 0,001 to 0. 005 inch were utilized for these
measurements.

A fabric holding and positioning mechanism was developed

that allowed rapid and accurate changes in the airspace
height.“
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4)

5)

6)

The

With the skin simulator surface temperature at equili-
brium value, profiles of mean and fluctuating velocities
were measured for fabric spacings of 0.1 to 1.0 inch and
airflow velocities from 0 to 25 ft/sec.

With the skin simulator surface temperature maintained
at 100°F, profiles of temperature, water vapor concen-
tration, and velocity were measured in the a’ “space for
fabric spacings of 0.1 to 1.0 inch and airflow velocities
from 0 to 25 ft/sec. Total energy and water loss rates
from the skin simulator surface were rneasured for each
configuration.

Heat and mass transfer coefficients were calculated from
the probing data and the heat and water loss measure-
ments.

analytical and experimental studies have yielded the foliowing

conclusions:

.

1)

2)

It is felt that the mathematical model developed in this
project represents a reasonable balance between a purely
theoretical and purely experimental approach to the deter-
mination of heat and mass transfer processes through
clothing systems. The theoretical analysis has isolated
several parameters which affect the transfer processes,
including a) the body energy production rate, b) the mag-
nitude of the heat and mass transfer coefficients at the
fabric and skin surfaces, c) the airspace thickness, d) the
ventilating flow rates, temperature, and humidity, e) the
fabric porosity, thermal conductivity, and structure, and
f) the ambient temperature, humidity, and wind conditions.

In view of the complex nature of the governing equations,
numerical methods of solution must be employed and
computer parameter studies conducted to establish the
importance and significance of the many parameters
listed above. Explicit finite difference techniques provide
the simplest method of numerical analysis and were
therefore utilized for this program. The extremely
small real time increment (0.02 to 0. 10 sec),combined
with 15 seconds of computer time for each time incre-
ment, indicate that only short duration real time studies
are economically feasible with the explicit program. '
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3)

4)

5)

6)

7)

8)

9)

A computer parameter study should be conducteu, as is
evident from the complexity of the governing equations

for the mathematical model. The study of long duration
(of the order of one hour) real time problems cannot be
economically performed with the explicit program. Pre-
liminary studies have indicated that an implicit program
can be prepared which may produce a substantial decrease
in required computer time for any given real time span,

The simplified integral boundary layer-type of unalysis
developed in this study pertaining to the heat and mass
transfer processes in the airspace provides predictions
which agree with the experimental results within the
accuracy of the experiments.

Reynolds' analogy between heat and mass transfer pro-
cesses appears to be valid for the airspace. That is,
plots of the dimensionless heat and mass transfer Nusselt
numbers (Figures 50 and 51) are identical, within the
limits of experimental error. Thus, measurements of
either the heat loss or mass loss allows calculation of the
other. The dimensionless heat and mass transfer coeffi-
cients increased by a factor of 10 as the dimensionless
streamwise distance increased by a factor of 100,

More detailed physiological data on sweat production
rates, thermal conductivity variations, and heat genera-
tion rates are desirable to improve the mathematical
model of the body.

The water absorption characteristics of various materials,
other than cotton (for example, wool), should be established
and described by empirical relations.

The empirical constant ""a’', appearing in the fabric con-
ductivity relation, should be established experimentally
for various materials and its dependence upon type of
weave, type of material, ard possibly other parameters
should be established.

Mean velocity profiles in the airspace of the skin simu-
lator surface changed from laminar to turbulent as the
ventilating flow velocity was increased from 5 ft/sec to
25 ft/sec. Velocity profiles near the fabric surface
tended to be turbulent for all velocities.
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10)

1)

12)

13)

14)

15)

Turbulent intensities in the airspace were about 5 percent
over a wide range of test conditions, Values as large as
20 percent were measured at the fabric surface.

Variation of fabric spacing from 0.1 to 0.6 inch had little
effect upon the turbulence intensities. A 60 percent in-
crease in the centerline mean velocity resulted when the
spacing was changed from 0.6 to 0.1 inca.

At moderate fabric spacings, with a ventilating velocity
of 25 ft/sec, variations of the external flow velocity over
the complete range had little effect on the airspace mean
velocity profiles. A large change in the turbulence inten-
sity near the fabric surface was noted, whereas little
change was observed near the simulator surface,

Care should be exercised in interpreting experimental
heat and mass loss results for different conditions of
boundary layer growth and free stream turbulence levels
caused by induction and forced-flow ventilating methods.
At a ventilating flow velocity of 5 ft/sec, power consump-
tion increased from 4 to 10 watts as the test configura-
tion was changed from induction and cover on operation to
blowing and cover off operation. The same percentage
increase was noted over the entire velocity range (5 to

25 ft/sec).

At zero ventilating flow velocity, the temperature profile
in the airspace was close to the linear shape expected for
pure molecular conduction. At a fabric spacing of

0.2 inch, the temperature gradient near the simulator
surface increased by a factor of 4, as the ventilating flow
velocity was increased to 25 ft/sec. The percentage
increase became larger as the fabric spacing was in-
creased., This is a direct indication of the increase in
heat and mass transfer as the ventilating flow velocity is
increased.

The non-dimensional temperature and water vapor con-
centration profiles were similar in shape over a wide
range of test conditions. Little effect on temperature
profile was noted as the simulator surface condition was
changed from dry to wet.
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APPENDIX A

THE EVALUATION OF SKIN-RELATED CONSTANTS
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Symbol

AQshi.

NOMENCLATURE

Definition and Dimensions

vapor concentration (lb/ft3)
specific heat (Btu/lb JF)
specific heat at constant pressure (Btu/lb *F)

energy flux (Btu/ftz hr,; energy production rate
(Btu/ft3 hr)

mass transfer coefficient (ft/hr)

thermal conductivity (Btu/ft hr °F)

reference skin conductivity (3tu/ft hr °F)

skin layer thickness of the skin-body system (ft)
muscle layer thickness of the skin-body system (ft)
deep body core thickness of the skin-body system (ft)

basal metabolism rate (symbol used in Crosbie,
et al.) (Btu/ft hr)

increase in metabolism due to shivering (symbol
used in Crosbie, et al.) (Btu/ftz hr)

mass flux (lb/f':2 hr)
basal metabolism (Btu/ft3 hr)

increase in metabolism due to shivering
(Btu/ft3 hr)

heat flux (Btu/ftz hr)
relative humidity (dimensionless)

sweat generation rate (lb/ft2 hr)

reference sweat generation rate (11.'>/ft2 hr)




Symbol

AT

(o d

< o

Subsc rigts
a

B

max

ref

sat

LRl = ot st Tt e o g R et - . A= .

Definition and Dimensions

temperature (°F)

deviation of the instantaneous average body tem-
perature from its reference value

time (hr)

2

heat transfer coefficient (Btu/ft” hr °F)

vaporization rate (Btu/ftz hr)
coordinate (ft)

physiological conductivity constants (1/°F)

contro coefﬁ ients for shivering (Btu/ft hr °F;
Btu/ft? hr °F Btu/ft3 hr °F)

first power proportional contcsol coefficient for
sweating (1b/ft® hr °F)

physiological conductivity constant (hr/°F)
heat of vaporization (Btu/lb)

fourtl} power control coetficient for sweating
(Ib/ft® hr °F4)

density (lb/ft g

ambient

average body value
maximum
reference

rectal

saturation *




TTNTETIIW TR YR

Subscripts

Definition and Dimensions

skin-body system; sweat
outer skin surface

vapor
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THE EVALUATION OF SKIN-RELATED CONSTANTS

It has been noted in the main portion of the text that the numerical
constants reported in Reference A-1 were based upon the finite dif-
ference solution for a 3-slice model. Since our analysis will utilize a
7-slice model, it was felt that a reevaluation of these constants was
necessary. It has been found possible to obtain a closed form solution
for the steady-state temperature distribution within the skin layers.
This steady-state exact solution, to ,e presentnd in this appendix, can
then be utilized to evaluate the pertinent physiological constants with-
out any reliance whatsoever upcn a discreet solution of finite differ-

ence equations,

1. Solutions for the Steady-State Temperature Distribution

Reference to Figure A-1 shows the major regions within the skin
structure. Since there is no internal heat generation within the outer
skin layer, the steady-state governing equation for this region may be

written as:*

o
e

(A-1)

.

d
)
o

The internal heat production in Region II may arise from either
shivering or exercise. Assuming, as in the body of the text, that the
internal heat production due to shivering depends only on the internal
average body temperature and also that the skin cons' ctivity depends
only on the average internal body temperature, the governing equation

for this regicn can be expressed as:

* The subscript "s' shall not always be used in this appendix since the
entire Appendix A deals only with the skin.
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————

+ =0 (A-2)

The internal heat production within the deep body core region is desig-
nated as the basal metabolism and is assumed to remain constant for
all conditions of internal body temperature distribution. With the skin
conductivity once again assumed to depend only on average body tem-
perature, the steady-state governing equation in this region may be

expressed as:

o
-

Q .
tpE =0 (A-3)

2

where Q = basal metabolism.

Equation (A-1) may be integrated to yield the temperature distri-

bution within the outer skin layer:
_ 4T
T - TO = ('a-’-‘— . X (A-4)

where g—:-‘) represents the temperature gradient at the skin outer sur-
0

face.

Integration at Equation (A-2) yields:

E +4aQ .
gl-(%% +..._.E._Eh_1(x-1,l)=o (A-5)

The heat flowing through the interface between Regions I and II must be
identical when computed from the temperature distributions in Regions
I or II at the interface. From Equation (A 4) the gradientat x = L,

1
may be expressed as:




dT _[4T
), ~ |dx

which when substituted into Equation (A-5) gives:

2 +AQshi
E } (&), - ——= - (A-6)

Integrating once again, one obtains:

E +4Q .,
( (x-L)-——ZE—s—hl(X-Ll)Z

Evaluating T by using Equation (A-4) and substituting into the above
expression yields the stcady-state temperature distribution in the

muscle layer of the body:

E +AQ ..
_ dT shi 2
T = To+(3?0x'_2‘l<'__(x'1‘l) (A-7)

Integration of Equation (A-3) yields the following expression for

the temperature gradient within this region:

dT
dx

dT

+ 'E (x - - LZ) = 0 (A-8)

The temperature gradient at interface 2 is evaluated by using Equa-
tion (A-6) with x - L, = L,. This process yields the following expres-

sion:

_ldT E+AQshiL
- 33?0-__12___ 2




which when substituted into the previous expression gives:

L, - % (x - L - L,) (A-9)

( E+AQh1
|

Integrating once again one obtains:

. L, — ot (x-Ll-Lz)-%(x-Ll-Lz)z (A-10)

But, from Equation (A-7), one finds:

E + AQ .
T, = T, +[|9T) (L, +L,)- shi ; 2
2 0 a':?o 1 - L

and thus Equation (A-10) may be rewritten as:

E+AQshi 2 E +AQ

dT shi
T=Tot x|, 2 2 - — % L&-Ii-L)
N A L (A-11)

The boundary condition at 3 (no heat flows through interface 3) requires
that the temperature graaient evaluated at x = L, be zero. Utilizing
this boundary condition in Equation (A-11), one may determine the

temperature gradient at the skin outer surface to be:

at} _ 1
(.&_ T E [LZ (E +8Q_.)+L, Q] (A-12)
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Thus, Equations (A-4), (A-7) and (A-11) may now be rewritten in
terms of internal generation of heat as well as the thermal conductivity

as follows:

Region I

1
T = T0 tx [LZ (E + AQshi) + L3 Q] x (A-13)

Region 11
E +AQshi

1 2
T TO+E[LZ(E+AQshi)+L3Q]x-T—(x-Ll) (A-14)

Region I1I:

1 E+AQsl‘li
T = T0 + X [LZ(E +AQshi) + L3Q] X - ——— L2 [LZ +2(x - Ll - Lz)]

2 (A-15)

'2%"" L - L)
By setting x - L, - L, = L, one may also evaluate the rectal tempera-

ture. This process yields:

ro-r +L[LEran prr.a|L oDk sary. QL2
R "0 k{2 shi 3 s 2k 2'72 3'°2k 73
(A-16)
The average body temperature is found through an integration of
the local body temperature throughout the three layers within the skin

structure. The integration process is straightforward and one may

evaluate the average body temperature to give:
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2 2
r =1 41 |E%sni 1_1(’“2) I | B e T
B 0 2 k Tq ‘I:;I'; L. 278

L2
+§z 1;.(]%) 1yt (A-17)

This expression may be rearranged to give the skin surface tempera-
ture as a function of the average body temperature, skin conductivity,
internal heat generation, as well as the various layer thicknesses.

Thus, one finds: (replacing the symbol To by Ts for the skin surface

temperature) :

2 2
oo 2l [EP%Qanilf 1 Lz) [E2) | B _{La)
B & k LA SR B L R R b

2
L,L L _
. ___z__3 s % 1,}(1_3) (A-18)

Similarly, the rectal temperature may also be evaluated in terms of
the abovemenrtioned variables and parameters. This process yields

the following relation:

2
L,L |[E+4Q .. L L L L L
_ 27's sh 2 3 1{72 2 3
TR = Tpt—2 ( X 1) l'(L';)' Z(Es)+?(£3) +(EJ(EJ

2 2
L L. L L L
3 37s Q 3,1173
+ (L—-s) t—=— 1 l - 1‘_3 + 3—(-1:—8 (A-19)

Under steady-state conditions the total amount of heat entering the
skin outer surface from within the skin (qo) must equal the total inter-
nal heat production (due to shivering, exercise, and basal metabolism).

Utilizing relation (A-12) one may now write:




= oraemeeen

-k( ) L(E+Ath)+LQ

(A-20)
s |32 (E+aQ, )+ "3
s ]:: shi L:
Introduction of the following dimensionless variables:
L,=1,/L,.L,=L/L, L, =L,/L (A-21)

yields the following expressions for the skin surface temperature,
the rectal temperature, and the heat loss at the skin surface in terms

of the average body temperature and internal heat generations:

2| L, % |E+aqQ, N T
T, =TB-EZ l-—-I: -EZE3-L'3 - —F———— 1'7 B-E3 - X

(A-22)
.’ 2 Ls2 E+8Q,,
TR=TB+1'321-I?2-ZE3+;IIZ +‘L'ZII3+E3 (—-1——
) (A-23)

+T.hi-T. +i T ‘1 g

3 373 Y372 k
a9 = L, [T, (E+ aa_, ) + T, q] (A-24)

2. Evaluation of the Physiological Constants

The equations presented in the preceding section may now be
utilized to evaluate the various physiological constants which are required
in the main body of the text. To facilitate this evaluation, the experi-
mental values indicated in Figure 3 of Reference A-1 shall now be
utilized. The basal metabolism (per unit volume) is obtained by dividing
the value presented in Reference A-1 (designated by MO) by the thickness
of the deep body core. Thus one finds:
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Mo

Q- 0032 0—30%-2- = 130 Btu/ftBhr (A-25)

The internal heat generation due to shivering is fourd by dividng the
increase in metabolism presented in Reference A-1 (designated by

4 M) by the thickness of the muscle layer, which yields:

. &M 3
AQShi = my Bt“/ft hr (A-Z6)

Subtracting Equation (A-22) from (A-23), setting the exercise energy
production (E) equal to zero, and inserting the following thickness

values:

=1, =2, =4
Ls=0.056m; rl—T, E -T, r -7-

One may evaluate the thermal conductivity from the following equation:

. -4 ‘
K = 1.72: x 10 AQshi + 1.0 | Btu
s T -T £t hroF -
R so

(A-27)

With the thermal conductivity now evaluated, the average body tempera-
ture can be evaluated from Equation (A-22). The rectal temperature
similarly may be evaluated from Equation (A-23). Equating the energy
loss to the air at the skin surface to the energy entering the skin sur-
face from within the skin structure itself, one may write the following

expression:

V+U8(T80-Ta)=M0+ AM

where

V = vaporization heat loss.

Solving this expression for the vaporization loss one finds:

- -




V=My+AM-U_ (T, -T,) (A-28)

0 0

The heat transfer coefficient for the skin surface as reported in
Reference A-1 is 1,09.Btu/ft2nrdF,  Using this value with:

the above equation as well as the experimental data of Figure 3 in
Reference A-1 one may evaluate the vaporization rate at the skin sur-

face.

The experimental values from Reference A-l together with the
values determined by the expressions developed in this section are
presented in Table A-1. The valugs of the thermal conductivity as
presented in Table A-1] are plotte& in Figure A-2, It is noted from
this figure that the thermal conductivity as a function of the average
body temperature may be satisfactorily approximated by four linear
segments. One notes from this figure that the reference body tempera-
ture (where the slope of the conductivity vs. body temperature curve
changes abruptly) may be selected to be equal to 92.79F, . The ex-
pressions which are found to describe the experimental points of

Figure A-2 are listed below,

ks =k90 [l + al ATB] L1.511 kso for TB >0

k, = kso [1 + @ ATB] > 0,675 kso for Tz <0
where
@ = 0.405 (1/°F)
Q, = 0.18 (1/°r)
kso = 0.29 (Btu/ft hr®r))

AT, = Tg -100(°F)
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1.0 T 1 T T 1

Variable Parameter

Body Temperature, TB (°C)

Figure A-2. Experimental and Empirical Variations with TB
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Experimental studies discussed in Reference A-1 indicate that the
skin conductivity also depends upor the time rate of change of the
average body temperature for transient situations. We shall, therefore,

include an additional rate control term in the above equations as

A-1

suggested by Crosbie, et al, Therefore, the skin conductivity for

transient, as well as steady-state, situations will be expressed as:

dTp

k, = kao,[l +0) ATp +Y | <1511 kso for Tp >0
(A-29)
dTp ]

= k {1 +#0p AT + T ——| 20.675k,

for T, <0

0

- where

Y represents the rate control coefficient (hr/°F) (see Section 4).

It was found that the increase in metabolism due to shivering may
be satisfactorily approximated by a parabolic function of-3m2°r‘ATB
< 0: That is: '

_ . 2 .
8Q, ;. = -ocm1 Dig + amz AT, for=3u.20P&AT < 0
=19 Btu/rt? heF (A-30)

Q= 16.2 Ma/ft3 hP

my

And for ATB <=30,2%the increase in metabolisn: due to shivering may

be adequately expressed as:

AQshi =570 -am3 (1+ ATB)
{A-31)
a_ = 5.9 Bu/tt® mOF:
M3
For ATB > 0 the increase in metabolism due to shivering is 0,

- 18 -




As in Reference A-1 the vaporization loss as a function of ATB may

be approximated by a fourth order polynomial(for AT_ > 0). Thus,

B
one finds:

4
V = V0+ QVATB+ Xv E['B for ATB>0
Vo=V, for AT <0
Vg = 2,20 Btu/ft%hr (A-32)

e
@ = 3,07 Btu/rt hr'r
A, = 2,02 Btu/ft?hrOF
One sees frum Figure A-2 that the various empirical fits for con-
ductivity, metabolism increase due to shivering, and vaporization provide

very good approximations to the experimental points. Thus, these data

(empirical curves) shall be used in the main portion of the text. '

3. Evaluation of d TB/ dt

An expression which provides the time rate of change of the average
body temperature is required in the skin governing equations for thermal
conductivity (Eq. 8). . Also, as will be seen in the following section,
such an expression is required to evaluate the value of ¥ appearing in
Equation (8).

If one integrates Eq. (25) with respect to the skin coordinate from
the outer to the inner surface (holding time constant) such an expression
can be obtained. Thus, one obtains from Eq. (25).

L L

S 8 2 LB
3T 3T,
(o), 51 dx, = | k, a_z dx_+ | Q'dx (A-33)
X
0 0 s 0
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The heat capacity (cp) of the skin has been assumed constant else-
where and the skin conductivity depends only on the average body
temperature (a function of time), Therefore, one may remove (c;:\)s
aad ks from the spacial integrals in Equation (A-33). Using the ex-
pressions for Q' (Eq. 25) and the abovementioned facts, Equation

(A-33) may be rewritten as:

R L, \ L +L,
T : T
(cp) 8 dx =k 9 [ s]dx + (E + &Q , .)dx
8 ox, 8 s 3%, |ox, s shi' '8
0 L ‘
(A-34)
L
+ Qdx,
L +L,

Since the integration in (A-34) is with respect to X+ the time

derivative in the left-hand term may be removed from the integral,

‘Integration then yields:

d ° aTs ars
G Tdx | = ¥, ('S—x ) '(ax.)
8 ¢
x =L x =0
8 8 8
(A-35)
+ (E + AQshi) L2 + QL3
However, by definition:
L
8
1’:1" fTsdxs =Tp (A-36)
8
0
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Also, since no heat flows through the surface at X = Ls:

(aTs) (A-37)
=0 -
Bxs )

x =L

Utilisation.of the boundary conditioh at the:skin outércsutface3 {Eq.4+30)
and the previcus two expressions inirelation- (A=35) leads to:

dT
B _ e -
(m)sLs -dat (E + AQshi) LZ + QL3 - Mg ['pv (Tso Tref) +4
(A-38)
- Us (Tso - Ta)

which may be rewritten as:

dTB ) E + AQshi m

Q s
& "oy, "2 Tesly, Ly - oo - [va (Tgy ™ Tred ”‘]
(A-39)

U
)
e, Tsy " Td)

S

This is the expression which was sought and will be utilized in:the

follo:ing section.

4, Evaluationof 7

The computer solution indicated in Figure 4 of Reference A-ly will
now be utilized to evaluate ¥. This figure shows the transient response
of a nude subject moved suddenly from a warm room (89.60.1"').1‘& a ¢old
room (6;893,). The assumed initial condition was that of thermal
equilibrium, If one rewrites Equation (A-39) in the notation of Crosbie,A-l

there results:
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dTB EL2+ AM+MO-V—US(TSO-Ta)
(A-40)

at o), L,

For the case under consideration, the exercise energy production
was zero (E=0). Indicating the conditions immediately prior to and
after entering the cold room with a superscripti-)and (+), respectively,

one may write two equations:

) am e my - v g [Ts (-) . Ta(')]

dTg 0
‘—d't—) ~(ep) L )
(+) (+) (+) (+)
at, ) MMM -V LU [Tso - T, ]
('ar) = T T ‘ K
p) L

Since the subject was in equilibrium before entering the cold room,

o rae = 0, Also, since the skin temperature distribution cannot

change abruptly when the subject enters the room, one may safely

assume:

r ® .1 O
0 0 (A-43)

) _p ()
Tg @ =Tg .

Also, since the metabolism (OM) and vaporization rate (V) are

assumed to depend oaly on TB' one may write:
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AM("’) = AM(')
(A-44)
v(+) = v(')

Subtracting Equation (A-41) from (A-42) and using the abovementioned

equalities, one finds:

(+) [ (+) (-)]
dT U T - T
( B) - sl a a (A-45)

dt (ep) L

The difference in skin conductivity immediately before and after
entering the cold room utilizing Eq. (26) and relation (A-43) may

be expressed as:

(+)
d T
(+) (-) B
ks -k = kso‘r ‘T) (A-46)
d T 1)
Solving for ¥ and introducing (A-45) for ('TRE) , one obtaina:
Y CPlg s s 8 (A-47)

) k U [T (+) - Tj')T
SO ) a a

From Figure 4 of Reference A-1, one finds ks(+) - ks(-) = -0,0000374 Btu/
mhr °C., Also, from the given conditions of the problem and physiological

constants derived elsewhere in this report, it may be written:

- 153 -




TR AT e e e B e e FE A b wi sl - - D il

(cP)g = 1L.5 Btu/1e° °p
kso = 0,0000004 Btu/ft sec °F
U_ = 0.000302 Btu/ft> sec °F

) _ 4 (=) _ 0
Ta - 'Ia = ‘3.2 r

Substitution of these values into Equation (A-47) yields:

-
i

0.30715 hr/°C

614. 28 sec/°F

Rounding off these values, we shall assume ¥ to be:

Y = 615 sec/°F (A-48)

5. Determination of the Sweat Rate

An expression describing the sweat rate per unit skin area is required
for the skin governing equations presented in Section II. It is important
to note that the vaporization rate is not necessarily identical to the
sweat rate since the vaporization rate is governed by ambient and skin
surface conditions. (Refer to the uiscussion in Section II-B.) Thus,
an effort has been made to determine if the data for vaporization,
presented in Section 2, reflect the actual sweat rate or if they reflect,

in fact, the limitations imposed by mass transfer considerations.

The maximum mass transfer rate at the skin surface is given by
Eq. (20) in the text as:

m_ = K_(C, -C,) (A-49)
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Corresponding to this rate, the maximum -aporization possible can

be written as:

vmax = _\KS (CS -C)) (A-50)

where \ represents the heat of vapor.zstion of water. The vapor con-
centration at the skin surface equals the saturation concentration which
exists at the skin outer surface temperature, Thus, CS may be ex-

pressed mathematically as: 0

where Csat(T) = saturation concentration at a temperature T (lb/fts).

Defining the relative humidity as r = C_.C__ , the ambient vapor con-

sat
centration may be expressed as:

a a sat
where r = ambient relative humidity 3 0 'etioa of the: o r¥nrassions
into Equation (A-50) gives:
Ve s [Csat ‘Tso) = 5 C (Ta)] (A-51)

Data for frec evaporation of water from a paper by C}regoryA-2 have
been utilized to determine a proper value for the mass transfer coefficient
(Ks). The results of experimental studies of free evaporation yield the

following information, "2
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3

1.44 x 107° gm/cm2 sec = 2,949 x 10°° lb/ft2 sec

s
T = 37.5°C =99,5°F
8
0
Ta = 20.5°C = 68.9°F
r =0,63
a

The saturation concentrations corresponding to Ts and T from
0
Reference A-3 are 2. 8133 x 107> Ib/ft> and 1. 1120 x 10", respectively.
Equation (A-49) applies for free evaporation and, using this experi-

mental data, one may determine KS as:

2.949 x 10°°

K = i -
-0.63 (1.1120 x 10

8 2.8133 x 10°

3)

1,396 x 10"Z ft/ sec

Figures A=3 and A~ will now be used to establish the sweat rate.

Shown in Figure A-3 are the variations of the rectal and skin tempera-
tures, the vaporization loss and the metabolic rate as a function of

the ambient temperature as computed using the relations presented

in this appendix., The circled points represent the experimental data

of Hardy and DuBois. *~# It can be seen that the.agresnent betwéen theory

and experiment is excellent, confirming the empirical formulations.

The vaporization curve is reproduced in Figure A-4 along with
curves giving the maximum possible vaporization (Equation A-51) at
various ambient relative humidities. Two possibilities exist with

regard to the vaporization (V).

1) The curve V represents the entire sweat rate,

2) The curve V represents a portion of the sweat
rate with the remaining sweat '"running off' the
body and providing no cooling effect.
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The. consequerices . of possibility 2 will now.bs . examinkd. iIf. 2.ie & true
description of the physical situation, there is an excess of sweat which
cannot be evaporated. This implies that the moisture being evaporated
(V) represents the maximum possible amount under the existing ambient
conditions. However, even in the worst possible situation (100%
relative humidity) the curve labeled r = 1.0 indicates that, up to
approximately Ta. = 9g*f, ,the..ambienti .and .sidn . surface . conditidns are 4.
of a magnitude which would allow more moisture to evaporate than was
experimentally observed. Thus, condition "2'" above is definitely im-
possible up to Ta = 92%P, ~. Actually it is most probable that the humidity
conditions employed in the experimental studies of Reference A-4
(the conditions are not stated in the paper) were no higher than 50 to
70 percent. Yt okn,. tHwresftre, bessssumeththait ¢ Nerdnbivnt Felatdve
humidity employed in these experiments was low enough (at least r.=
90%) such that all of the moisture available was evaporated. As a con-
sequence of this, the vaporization curve in Figure A-4 as well as the
vaporization Equation (A-32) represents the entire sweat production

rate (in terms of evaporative equivalent).

As a result of the preceding analysis, the smsat:-:generating rate.may
beexpressed by thet relations: :

>i|<

(A-52)

Since the mathematical model of the skin assumes the sweat rate
to depend only on the average body temperature (and not the state of
activity), Equation (A-32) can be utilized in (A-52) for V, and the

resulting expression for S written as:

n
n

4
S0 ta ATB t A ATB for ATB >0

= S0 for ATB <0
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where:

[72]
n

o = 10.0688 gm/hrm? = 5.7285 x 107" 1b/ft’ scc

25,138 gm/mZhr °C = 7. 9457 x 10”7 1b/ft% sec ' F
4

Q
]

96. 895 gm/m2hr °CY = 5, 2514 x 10”7 1b/t® sec °F*

>
Al
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APPENDIX B

EVALUATION OF FABRIC-RE _ATED CONSTANTS
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Subscripre
f-

2%

NOMENCLATURE

Definition and Dimension

percentage of fabric which is in a parallel arrange-
ment

concentration (1b/ft3)

functions

thermal conductivity (Btu/ft hr °F)

mass (lb)

dimensionless mass of absorbed water vapor

maximum dimensionless mass of absorbed water
vapor

relative humidity (diknensioniess)
temperature ( F)

. )
volume (ft7)

geometric (volumetric) porosity of the fabric
{dimensionless)

density (1b/t3)
BM/3C) (£3/1b)

(bM/dT)C (1/°F)

tabric
fiber
liquid

saturation
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EVALUATION OF FABRIC-RELATED CONSTANTS

1. Determination of the Fabric Conductivity (kf)

It was pointed out in Section IIl1-Bthat an expression describing the
average fabric conductivity at any point X is required for use in the
governing equations. Since the thermal conductivity of water is one
order of magnitude larger than that of cotton fibers, it is conceivable
that the absorption processes within the fabric could materially alter
the overall conductivity. Hence, this appendix presents a method
whereby one may determine the variation of kf with the amount of ab-

sorbed water.

For the following derivation, it shall be assumed that the fabric is
composed of three materials, namely, fibers, water, and air. Two

extremes in configuration are imaginable.
1) The three materials are arranged in a parallel fashion
2) The three materials are arranged in a series fashion.

For such arrangements, it can be shown that the thermal conductivity

is given by:

k = v kfi + kair + v kl. (parallel arrangement)

V.. V.. v
1. fi 1 + -3t 1 + SNl (series arrangement)
VY R YR ;
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where:
Vfi /V = volume of fibers per unit volume of fabric
vair/v = volume of air per unit volume of fabric
V, /V = volume of liquid per unit volume of fabric.

The volumetric ratio of fibers is expressed in terms of the volumetric

porosity by the relation

—_ =1-Q (B-1)

‘The remaining fabric volume is occupied by the liquid and air and,

since Vf. +V_ . +V, = V, one may write,
i air
Vo * Vair
— = (B-Z)

.

However, the volume occupied by the liquid can be expressed as V;, =

my /Py and that of the fiber by vfi = mﬁlpﬁ.dividing the relations gives:

R
i M Pe

Noting that m, /mfi = M and using Equation (B-1) one can write

Vo o lh Vs
' v, V
(B-3)
- (l-a)pﬁ M
L
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Using this relation in (B-2) gives:

q o,.
air _ fi .
_v__a-(l-cx)——-peM (B-4)

It shall now be assumed, as in Reference B-1, for a general situation,
that in an incremental thickness (5x), a length of adx is composed of

series elements and (1-a)dx of parallel elements (refer to Figure B-1),

— % x > '
——— abx ———'-n—(l-abx-q
Fiber
W Ligquid ‘
e -
O ) <
Air
ey
X

Figure B-1. Schematic of the Composite Slab

Designating the conductivity of the series and parallel sections by ka
and kl-a' respectively, the conductivity of the composite slab can be

written as:

f a l-a
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where
o..
1 1 fi 1 {1 1
e :(1-Q)R~— + (1 -a)=— M +[(‘1.(1-1).b_. 1\[]
l\a f! DL R}-_ 1A Kair

Ko = (l-a)k. +(1-a) Sy, +lo .- oD K
1-a 0 5 a7} t B M| Kair

All parameters appearing in this equation are known, with the
exception of "a'" which shall be determined for cotton fabric in the

following section.

2. Evaluation of Cotton Fabric Parameters

The results of experimental studies performed by Speakman and
Cha.mberlainB.'1 shall be utilized to determine an appropriate value for
"a'" (appearing in Equation B-5). These experiments were conducted
with loose cottcn fibers with no preferential orientation and also with
various woven cotton fabrics. Ambient conditions were kept identical

in all tests and were:
Ta = 25°C (17°F); r = 65%

Corresponding to this condition, the air and water conductivity amounts
B-2
to

k.. = 6.2585 x 107> cal/cm 56¢°C. = 0.01508 Btu/ft hr OF

alr
k, = 1.4505 x 10-'3 cil/em 503°C = C. 395 Btu/ft hr °F

B-3

The a:nount of water absorbed under these conditions is M = 0. 068.
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The value of the fiber conductivity is determined with the aid of the
experimental dataB~l for unwoven, loos.ly packed cotton. Such samples
possess no ''preferential direction' characteristics and it appears.
reasonable that such a sample is composed of half parallel and half
series elements. In terms of the parameter "a', this means that it can
probably safely assume a = 1/2 for unwoven fiber packages. The ratio
of fiber-to-liquid density is 1. 565. B-4 Referring to Equation (B-5) it is
noted that all constants are known, with the exception of kfi' By
assun.ing various values for the fiber conductivity and comparing Equation
(D-5) with the experimental data for each assumed value, it is possible
to determine a value which gives a ""best fit'"' to the experimental points.
Figure B-2 shows the predicted variation of k with a (as determined from
Equation B-5) when a value kf = 2,02'x 10" Btu/ft. sec °F is selected,
Also shown are the experimental data for loose, unwoven cotton from
Reference B-1, The agreerment is noted to be quite good, especially in
the middle range of a. It shall, therefore, be assumed that the fiber

conductivity is:
Ky = 2402 x 107 Btu/ft sec °F

Utilizing this value, along with previously quoted values for the other

constants, curves can be drawn which show the variation of k, with ¢ for

f
various values of the parameter '"a''. These curves are presented in
Figure B-3, along with the experimentally determined values of kf for

. . B-1
various woven fabrics.

The differences between .the various fabrics tested will not be delved
into, It is important:to.note, however, that.the experimental points
to the lower left of an envelope of curves were mainly from fabrics
which were heavily finished. Since the mathematical model (Equation
B-5) does not include these effects, it is not reasonable to expect
ayreement. One notes, though, that almost all experimental points

fall within the envelope (0 < a <1) and can, therefore, be described by
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Figure B-2. Variation of Thermal Conductivity of Loose Cotton
Fibres with Geometric Porosity
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Conductivity, kf x 105 (Btu/ ft sec °F)

O
0

L i | L
0.4 0.5 0.6 0.7 0.8 0.9 1.0

Geometric Porosity, «

Figur;; B-3. Variation of Fabric Conductivity with Geometric
Porosity for Cotton Fabrics
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Equation (B-5), once the dependence of "a' upon type of weave and thick-
ness (and possibly other parameters) is established. Such relationships
are beyond the scope of the present program and it is necessary, at this
point, to choose a reasonable value for "a'" from Figure B-3. The most
dense grouping of points is found in the range 0.7< a <1. Thus, a
representative value of '"a' would most likely be a = 0,8, There is,
however, a considerable simplification in the equation for kf ifa=1

is selected and it may be desirable for a first ~’'er approximate analysis,

to use this value of unity.

It is interesting t) note that the ;abovementioned range for "a' implies
that woven fabrics can be considered to be composed of approximately

80 to 100 parcent. series elments,

3. Evaluation of M, wand o {for Cotton Fabrics

The solution of the “abric governing equation requires a knowledge of
the variation of M, w ¢ ad ¢ with the local temperature and vapor con-
centration. Experiments were conducted by Urquhart and WilliamsB“3
to determine the dependence of M on temperature and relative humidity.

By utilizihg the results of: thessexperiments, :it'-has been possible: to
establish an. empirical set of equatidons describing this variation.

If one defines the maximum absorbed moisture (which cccurs at a
relative humidity of 1.0) for any temperature (T) as Ml. 0(T), and forms
the ratio M/Ml. o 2 universal curve for restricted temperature and
all relative humidity ranges can be established as presented in Figure
B-4, The variation of Ml. 0 with temperature is presented in Figure B-5.
The circled points appearing in Figure B-4 indicate the maximum and
minimum experimental values from Reference BE-3 for each value of r
and for the temperature range 68°r <TZ 122°F, An indication of the
dispersion in the data is presented in Table B-1 in which the percentage

dispersion at each relative humidity r, is defined by
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Water Vapor Mass Ratio, M/Ml 0

1.0

0.8

0.6

0.4

0.2

! | | T
| | 1
0 0.2 0.4 0.6 0.8 1.
Relative Humidity, r
Figure B-4. Variation of Absorbed Water Vapor Mass with

Relative Humidity for Cotton Fibers

- 172 -

0



Water Vapor Mass, Ml 0
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Temperature, T (?F)
Figure B-5. Variation of the Maximum Absorbed Water

Vapor Mass with L'emperature for Cotton
Fibers
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M R M
1.0] max MT—O. min
: ¥ x 150 (%)

M
i 1.0)average

A(r) =

Table B-1
DISPERSION OF MASS ABSORPTION DATA

r A r fa r A r A

55 3.2 0.80

0:05 19.5 0.30 4.1 c
.60 2,0 0.85 3.8

0.10 17.1 0.35 4.1

o O O O O

0.15 10.9 0.40 4.6 .65 2.8 0.90
0.20 10.1 0.45 2.0 70 ¢.6 0,95 5.3
0.25 6.6 0.50 1.2 7% 4.0

The average dispersion in data over the entire range of relative
humidity was determined to be 5.9 percent, and.this is reducéd to
about 4 percent if the points below r = 0,25 are excluded,

The curve shown in Figure B-4 is des~ribed by the following set of

equations:

for 0 < r< 0.05
M

M1.0

= 2.8765 r - 46.19 r° + 325.2 1>

for 0.05<r £0.15

M_M__ = 0.0690 + 0. 6965 (r - 0,05) - 2. 6928 (r - 0. 05)2
Mo

+ 10.718 (r - 0.05)°

for 0,15< r £0.50
M
Vl—o = 0.1219 + 0,46328 (r - 0.15)
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for 0.50 < r < 0.70

mlfi_o = 0.2840 + 0.46328 (r - 0.5) - 0. 0908 (r - 0.5)%
+ 3,147 (r - 0.5)°
for 0.70 < r < 0. 90
M 2
ol 0.3982 +0. 8046 (r - 0.7) - 0. 6475 (r - 0. 7)
+ 16.5975 (r - 0.7)°
for 0.90< r <1.00
it 0. 6660 + 2.5373 (r - . 9) + 6.4810 (r - 0. 9)%

Mo
+ 15.46 (r - 0.9)°

and the variation of M1 0 with T is described by (for 32°F < T< 120°F):

M, . = 0.2193 - 6.61481 x 104 (T - 32) - 7. 20165 x 10" (T - 32)?

1.0
-8 3
+ 1,60037 x 10°° (T - 32)

To evaluate 0 and w, one writes M as
- M \
M = MI.O(T) M——l 5 (r)

or, with the following definitions:

=

F,(r)

<
o

F,(T)
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the above expression becomes
M = Fl(r) FZ(T)
From the main body of this report 0 and & are defined by
5 . M
8C

_ _oM
© = -5

Utilization of Equation (B-6) gives:

Q
n

5%' [Fl(r) FZ(T)]

s [Fl(r) Fz('r)]

€
1]

or, expanding:

= F(r) a‘ac F,(T) + Fy(T) $= F,(r)

Q
1

© = - F (1) & Fo(T) - Fy(T) & F,(r)

With the chain rule for differentiation, one may write:

F,(T)
—= = 0
3T~

dF, (r)
0 _ 1" or
sc i) = —— 5T
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F,(T) dFZ(T)
ST ~ —ar—

aFl(r) ) dFl(r) dr
9T =~ —dr T

Since the relative humidity is defined by:

C
r = .c-.—-_(,r’_
sat
and if we define the function
Csat‘T) = F3(T) (B-10)

one may obtain the following:

dr _ 3 [ ¢ 1
ac 3C _F"3'(T) - —F3'ITT

or - [ ] - Cc d (T)
T 3T |F,TT) _T—F3 (T) dt "3
- r 5 [Fym] /Fym

Substituting these relations into (B-9), the following equations

for g and w are obtained:
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F,(T) ‘
g = m Fl (I‘)
(B-11)

F,(T)
W= F;(T)- F3'(T) r Fl'(r) - FZ'(T)Fl(r)

where the primes indicate differentiation with respect to the argument of
13 . ' - d
the function, i.e., Fl (r) = I Fl(r).

The functions Fl(r) and FZ(T) were presented previously and F3(T)
(Csat) can be determined from tables (Ref. §). Therefore, 6 and wcan
be evaluated for different values of relative humidity (r) and temperature

(T). These variations are presented in Figure B-6 for various values of
r and T.
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Figure B-6. Variation of & and ® with Temperature and
Relative Humnidity for Cotton Fibers
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