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FOREWORD 

This is the Final Report of research conducted by the 

Applied Science Division of Litton Systems, Inc., for the Ü. S. 

Army Katick Laboratories under Contract No. DA 19-129-AMC-683(N) 

for the period 2lj  June 1965 to 24 June 1966* The report includes 

the work presented in the two Progress Reports prepared previously 

and supersedes their contents. Project monitor for the Ü. S. Army 

Hatick Laboratories was Kr. Leo A. Spano of the Advanced Projects 

Division. 
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ABSTRACT 

This report of research on the Investigations of Heat and 

Mass (Water Vapor and Liquid) Movement Through Clothing Systems 

summarises the results of a theoretical and experimental research 

program r 

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 Money- 

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. 
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INVESTIGATIONS OF HEAT AND HASS 
(WATER VAPOR AND LIQUID) MOVEMENT 

THROUGH CLOTHING SYSTEM» 

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 heat and mass flow equations were solved 

using an explicit finite difference calculation procedure programmed for 

solution on a digital computer* Several calculations were performed to com- 

pare this model with existing solutions. Included were cases of the temper- 

ature responses of a nude male exercising and movement from a warm to a cold 

environment. Another calculation 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. Measurements of profiles of mean and 

fluctuating velocities, temperature, 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, measurements 

of heat and water lose 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 rapor losses and calculations of the heat and mass 

transfer coefficients required by the mathematical model were carried out. 

During the past year, the theoretical development presented (1) was 

modified and improved to make it more applicable to the experiments carried 

out. It was decldod that a better understanding of the complicated 

mechanisms involved was necessary before the bulk of the experimental 

measurements would be initiated. Included is a more detailed description 

of the heat and mass flow processes in the fabric and air space. In 

addition, sereral 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- 

formed 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 whxch more accurately predicts the behavior of a 

fabric-skin system exposed to various environmental/physiological stresses. 

Sven 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 III. 

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 Reference 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 fix at any point within the body is shown in Figure 2. 

A general formulation of the heat transfer problem which includes 

heat transfer in three coordinate directions, 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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q 6y  5 z 5t 

(q 6y5z6t)5x 

Figure 2.     Control Volume within the Skin 
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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 tl e slice 

(Figure 2) per unit area and unit time due to conduction,  then q 6y 5 x 5t 

represents the energy which will enter the slice in a time interval    5t. 

When an internal heat generation exists,  an additional energy input appears 

as Q'  ox öy Öz  öt where Q1 is the local heat generation per unit volume 

and unit time.    Denoting the total energy input by E.   ,   one may write 

E.     = q oy 5z ot + Q'6 x oyöz 6t; (1) 

for small ox,  the energy outflow from the right face during the time 

interval  6t,   may be written as 

Eout= q By5z 6t + ~oV (q 6y 5z Bt) 5x- (2) 

The energy contained within the thin slice at any time may be expressed 

as 

E = (cp)s (Ts - Tref)   6x5y8z (3) 

Assuming that the product of skin specific heat and density is constant, 

the increase in energy (5E) within the slice in a time öt may be expressed 

as: N^ 

5E = -g—-   5t = (cp)s -gyi   5x 5y6z 6t. (4) 

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

the difference between the energy input and the energy output (6E = E.     - E      ). 

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

ÖT 

s l^hTFT-V-tt- <5> 

- 6 - 



Assuming the Fourier conduction heat transfer law to be valid,  one 

may express q as: 

/öT 
q=-k. (6) 

where k    = conductivity of the skin (Btu/ft/sec °F),  which,  when 

substituted into Equation (5),  yields 

ST 

<co>s-ljf =Q, + -3- 
I dT 

(7) 

The skin conductivity cannot be considered constant,  as has been 

pointed out by Crosbie,  et al  .    Utilizing steady state and transient 

experimental measurements by Hardy and DuBois   ,  k     can be expressed 

as: 

dTR 
k    =k       I 1 + a,   AT^ + r-TT^Ii   1.511k s        8     I I B at s o   \ / o 

for   ATB > 0 

(8) 

k    = k s        s 

where       TR = 

dT B 1 +   a.   ATD+  r —jr^l   *    0. 675 k for    ATn  * 0 
L n> at    / s D 

T    v5" , t)d£    = average body temperature (°F) 
s    ö 

ATB = TB - 96.35   (°F) 

ax = 0.4044   (1/°F) 

a2 = 0. 1811  (1/°F) 

k       =7. 9946 x 10"5 (Btu/ft sec °F). 
s o 

(9) 

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 stear1"-state conditions.    The value of the constants as 

originally presented in the above references differ from the present values 

- 7 - 



because they were evaluated by using a finite difference solution for the 

governing ht at transfer equations.    Tie numerical value of f,  quoted by 

Croöbie,   appears incorrect.    A re-evaluation of   T,  utilizing Crosbie's 

computer solutions is presented in Appendix A which shows: 

From    (Equation 8) for k    and the definition of AT„ (Equation 9),  one 

notes that the conductivity depends only or time.     Thus,  k    may be taken 
s 

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

ÖT d2T 

^'air^err^'' (10) 
ox 

s 

1.      Internal Heat Generation 

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 mathematically as: 

For L.    S   x      t  L. + L-, 
1 s 1 Z 

Q» = E for    AT      ^   0 (11) 

Q' = E +  AQ , . for    .- "''      $   0 
shi D 

where;     E = the internal energy production due to exercise (Btu/ft   /sec). 

It is shown in Appendix A that the internal heat production due to shiverinp 

can be adequately approximated by the folio ving expressions: 

AQ ,.     = -a ATn + a 4T2
n for -1.8*F S AT-    *0 shi. m, B m_ B B 

(12) 

AQU.     =l.77^19xl0"2-a:        (1.8+    ATD)        for   ATn  < -  1. 8°F 
shi. m    ' B B 

- 8 - 



■ • .,.um.wi, j -■ i .Hü—n, ^,uy^—^ms=-■      -.  ^BBB 

where 0:       = 5. 3544 x 10~3 (Btu/ft3 sec °F) 
ml 

a       = 2. 4949 x 10'3 (Btu/ft3 sec °F2) 
m2 

a       = 1.4336 x 10*2 (Btu/ft3 sec °F) 

2 2 The basal metabolism as given by Crosbie    equals 37 kcal/m  /hr. 

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,   £   x     * L 1 2 s s 

Q' = Q = |2 = ö^2   = 1. 15625 x 103 kcal/m3hr (13) 

= 3.5949 x 10~2 Btu/ft3 sec 

2.      The Sweat Generation Rate 

Utilizing the experimental data for sweat evaporation from Reference 2f 

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 = V for   ATQ   S   0 
o a 

V " Vo +    5E ( Gv   ATB +    \  *X4B> for   ATB   > °- 

(14) 

The term   o_ inthe above equation allows for a greater vaporization 

rate due to increased activity.-    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 malysis wiil include these effects 

- 9 - 



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: 

(15) 

S = S    +    Q     ATn +    X      AT4      $   60 S for   ATD  >   0 o s B s B o B 

S = S for   AT0   *   0 o B 

where      S    = 5. 7285 x 10"7 (lb/ft2 sec) 

0=7. 9457 x 10~7 (lb/ftZ sec °F) s 

\    = 5. 2514 x 10'4 (lb/ft2 sec °F4). s 

3.    The Initial and Boundary Conditions 

As a general initial condition,  it shall be assumed that: 

at t = 0,  T    = T     (x ) = T    . (16) s s.      s s. x     ' 
1 1 

The boundary condition at x    = L    can be expressed as: 7 s s 

ÖT 
-3^ = 0. (17) 

The boundary condition at x    =0 requires further examination.    The 

energy 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: 

v.= k
s IST-   x =o <18> 

s 

-  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 akin surface. This may be expressed 

in linearized terms as: 

q . • m h / U (T  - T ) (19) 
^out   s s   s  s0   a

7 ' 

where   m  « mass of vapor evaporated (lb/ft sec) 
8 

h   « c   (I  - T  ) / X 
8    Pv   

so  ref 

s enthalpy of vapor (Btu/lb) 

U  ■ heat transfer coefficient at the skin outer surface 
(Btu/ft2 sec °F) 

T_  * temperature of the skin outer surface (°F) 
8 
O 

/O 
Ta  * average air gap temperature ( F) 

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

transfer can be described by: 

■s 8 *. (C. - V (20) 
o 

where t     s the mass transfer coefficient (ft/sec) 
8 

C8 s the vapor concentration at the skin surface (lb/ft-*) 

Ca r the average air gap concentration (lb/ft*7)« 

However, it must be remembered that the supply of water due to sweating is 

not unlimited and it is conceivable 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 constant 

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: 

^lssk.s s -* 
dt        8 
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Integration of this relation yields : 

in (t) = m       .     (0) +    /       (S - m  ) dt. 
avai.   x ' avai. J s' 

0 

(21) 

As long as m       .    (t) > 0,  m    is given by Equation (20).    However,  if at 

any time m becomes 0 (which can only occur if S - m    SO),  then 7 avai. 7 s 
m    is given by: 

m    = min. s S,  K   (C       - C ) s     s a o 
for m =0 avai. (22) 

Therefore,  the following criteria must be used- 

Let m (t) = m 
avai. Wi.w+/t[s(5,-™.(5>l« 

Then,  m    is given by: 

m    = K   (C       - C   ) s s     s a o 

m    = min. s S,  K   (C      - C  ) s     s a o 

when m (t) >  0 
avai. 

when m       .   (t) = 0 . 
avai. 

(23) 

The skin boundary condition on the outer surface can now be expressed 

as: 

AT 
s \   d x     I x    = 0 s s /    s 

c     (T       - T     -) + X p        s ref + U   (T       - T  ) 
sy   s a o (24) 

where m    = K   (C       - C  ) s s'   s a o 

m    = min. s S,  K   (C       - C  ) sx   s a o 

when m (t)   >   0 
avai. 

when m (t) = 0. 
avai. 
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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 assumed 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 (k  ) depends only on time, not or. the 
skin coordinate. 

The equation describing the heat transfer (or temperature distribu- 

tion) within the body layer can be expressed as: 

bT d2T s     . s 

ox u x 
S 

For 0*x   <L. s       1 

Q' = 0 

For L.£ x   <L.  + L0 (25) 
1       s       1 2 

Q' = E + AQ , .    for AT^, SO 
shi. B 

= E lor £T„ >0 ö 

For L.  +  L-Sx    £L 
1 2       s       s 

Q' = 3. 5949 x 10'2 (Btu/ft3 sec). 

The skin conductivity may be expressed as: 
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ks = k*o  [1+al*TB+rl^|*   1511k80      for*TB>0 (26) 

dTR 
= k     I 1 + a   AT    + r-jJ^I  * 0. 675 k forAT    *0. 

8o\ 2      B dt    / 8o B 

The average body temperature as well asATR are written as: 

L 

TB = 
1 Ts (S,  t) d? (27) 

ATB = TB " 96- 35' 

The sweat generation rate is expressed by: 

S = S    +   a   AT     + x   AT*    * 60S for AT   >0 
o s       B       s B o B (28) 

S = S for AT    $o. 
a 

The initial condition for the skin layer is written as: 

Ts = T8. <v<»- (29) 

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

ÖT  \ 

•i*S 
= m 

x    = 0 s 

c       (T       -   T     -)4 X p        s rer rv        o 
+ U   (T      - T  ) s     s_        a o 

where rh    = K   (C       - C  )     when m (t)  >0 s        s'   s a avai. o 
(30) 

m    = min s S K   (C      - C  ) ,    s*   s a' o 
when m (t) = 0 avai. 

m       .    = m (0) + f      SK) - m    (?) avai. avai. / 8 df 
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and the boundary condition at the skin inner surface is expressed by: 

sir I    =L =o. on 
/    s        s 

C.    The Mathematical Model for the Fabric 

Several improvements to the mathematical model for the fabric will 

be presented in this   section.    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 her.t content of the air 

is negligible compared with the heat content of the solid portions of the 

fabric appears reasonable from physical reasoning.    HoweveMT,   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 fabri:. 
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2) A macroscopic (or overall) diffusion coefficient can be 
used for the entire fabric  slab. 

3) The diffusion of mass due 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) Qua si-equilibrium exists at all times,  i.e. ,   the solid 
portion«* of the slab reach equilibrium with their immediate 
surr^ .ndings instantaneously. 

1.     Tht- Mass Balance Equation 

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

volume in a time    5t is given by: 

m.    = mddH fit (32) 
in 

and the mass leaving the control volume by: 

m     4 = m.    +   .d—(m) doHbtox- (33) 
out in       äxf f 

where      rh = mass flux through the surface of the control volume 
(lb/ft2/sec) 

d   - depth of the control volume (ft) 

H   = height of the control volume (ft) 

ix.   = thickness of the control volume  (ft). 

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

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

m   ,      = rh'doxr5t. (34) 
ab. i 
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Figure  3.     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 = CfGfHd5xf (35) 

and the increase in vapor mass within the control volume in a time 6t 

is given by: 

ac 
6m = ^-LöfHd6xf5t . (36) 

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

m.     - m     ,  - m  ,      = 6m. (37) in out ab. 

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

*,      OH" (38> 
f am       m 

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

hc{ 

*dif.= -D ST; (39> 

and the vapor mass flux due to bulk (or forced) convection flow as: 

V   C m _        l£2 (40) 
Vfor. -flfA" ^    s 

where   a A    = total open area of the fabric (ft  ) 

3 V.   = total volumetric flow rate through the fabric (ft   /sec) 

Cf   = local vapor concentration in the fabric (lb/ft" ). 
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It should be noted at this point that   V.  is positive when the bulk flow is in 

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

rh = rh + m 
dif. for. 

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

oxT       Q A f s 
(41) 

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

m, 
M =- 

mfi. 
(42) 

where      m i = mass of liquid in the fibre at a time (t) 

mr.   = mass of the fibre, 
fi 

But,  the mass of fibre can be expressed as: 

m£.    = pf.    (1 -<*)Hdoxf (43) 

and thus: 

mi= Mof.    (1  - a)Hd5xf. (44) 

In a time increment 5t,   m^ increases by an amount: 

^m 
brni =-^r i   6t=^ pf      (1  - O0Hdöxf   Bt (45) 

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

rate of absorption given by m'd5xf.5t,   one finds: 

|H Pf.     (1  -0)Hd&xfBt = m'd5xf5t (46) 
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m 
~cTR 

1  - o 
pn. 

d M (47) 

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

equation for the mass diffusion process in the fabric: 

V" 

TT O X, 

ÖC V  C 
D -T—~ +    -TTV oxr 0 A 

f s 
1   ^fi.-ir--    <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 De established.     The energy 

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

can be written as: 

r 
E. = m ,.r    dCiHot . o       (Tf - T     c) +  X 

in,., dif. i   p        f rer 
dif. I   *v 

(49) 

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

: = E. +   —.J2—   E. 5x ■ 
out,.r in,.r ox.        in,.r f 

dif. dif. f dif. 
(50) 

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

AE ...    =   E. - E 
dit. in,  , out,., 

dif. dif. 

"cTx- 
f 

Eh..-      (c       (T, - T     .) +   X) 
dif. p 1 ref rv 

dQHSt Bxf.     (51) 
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The energy entering the control volume through bulk (or forced) flow is: 

E. = dOHot 
inr for. 

c       (T, - T     ,) + X 
p        f        rev 

m (52) 
'for. 

+ m   . air doHöt 
for. 

c (Tr -   T     ,) 
,   p   • f ref 
L  *air 

where rh   . represents the air mass fiux   =  - 
air for. 

Vj Pair 

~~cTK 

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

Ö 
E     . = E. outr inr for. for. 

+ -f E. ox,. (53) öxr      in, f f for. 

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

AE.        = E. - E     , for. in- outr for. for. 
(54) 

 ( m 
for. 

c       (T, - T     ,) + X p f ref + m   . c airr p  . for.     rair 

(T, - T     ,) )     daH ot&x,. f ref    / i 

The energy entering by conduction processes may be expressed as: 

in cond. 

ÖT 

"kf 1FX7 
Hd5t (55) 

where k   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. 
out   ,   in      uwr cond     cond     f 

 E.     ox, 
öxf    in      f 

cond 
(56) 
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Thus,   the tu { inflow may bo expressed as: 

AE 
cond. 

'f 

ax 
k,      r Hdbx/ot. t      axr    | f (57) 

f 

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 = (c  p)   .   (T   - T      )0H5x 
P    air     f        ref fd + Cf [c (T    - T     f) +   \ 

pv      f ref' QH5xfd 

m i + p..   (1  -cr)Hd6x-cr    (T, - T     ,) + m,.      l-^±   c,   (T,-T     t) fi. ' f  fi.        f ref fi.     mf.       «■       f      ref 
fi. 

or,  with m,.     =   pr.    5xrdH      0 )H and     fi. fi.       f mr. fi. 
= M,   this becomes: 

E =     (  Q(c  p)       +  ac    Ct + (1 - a) pr.    cr.    + (1 - a) pr.  cf M p    air p     f fi.     fi. fi.    I 

(58) 

•   <TfTrefJ  + «Cf)Hd5*f. 

In a time increment    5t,   this energy increases by an amount: 

6E = 4f6t (59) 

7T °(cpP,air+   QCp  Cf+(1 "a)   pfi.   (cfi.   +cl   M) <VTref> 

+   axC, >   Hd5x   5t. 

'j 
The statement of conservation of energy may be expressed mathematically 

as: 
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BE = £>EA.e    +   AE,        +  AE 
oil. for. cond. 

(60) 

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

yields: 

TT   \ i°(cpair  °air+cpv
Cf) + (1-°)0n.   (cf.    4ctM) (Tf-Tref)+axcf 

m ,., 
"c^T \ "Mif. Pv<Tf * Tref> + X (61) 

, m 
,Xf   1     Vfor. 

c     (T -T      )  + X    + m  . 
pv     i      ref air for. cpair

(T'-T-' 
a 

ÖT, 
vf-o" 

Introducing relations (39),   (40) ,  and m   . air 
equation yields: 

V.   p   . 
1      air 

for. 7T into this 

"oT Q(CPairPair+CPv
Cf) + (1"Q)P^   ^   +C^M) <VTref> 

+  ax 

= a- 

»cf        8 
Tt (62) 

c        |D 
p. "5^1 (Tf-Tref) + c 

V c 
—V c       (T,-T     ,) a A      p        f     ref s    rv 

+ a 
air 

V. p   . 1    air 
aX~ <VTref> 

bT£ 
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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: 

OX 

dC f o 
Tt Z~x 

f 

acf 
■3xf 

o      [Vf 
Tx7    Q A f   »        s 

= - o\ 1 - o pfi. "TT 

and,   dividing the  resulting expression bv 0 , one obtains: 

, ] [     i 
at 

1  - o 

(c   p)        + c     C. 
P     air        pv   f 

\pr: 
dM 

fi.    ~ZT       T: 
/       *Cf 

1       °Xf 

/ 

VlCf c     (T -T     ,) + —U-1 c     (T,-T     ,) 
p       f      ref oA       p       f      ref rv s    rv 

<■& f V>air "OTT (Tf-Tref> r S 
vf 

kf axf 

o  ~cTx 
f 

(63) 

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

(c   p)   .     + c     Ct + 1  " °    P,.     (c,.    + c,  M) pH'air        p     f c fi.       fi. t      ' 
f 

at 

+   (Tf-Tref) 
ÖCf,   /I - a 

C  rr T   
D      at o pfi.  ct    "TT 

and,   using the vapor transport equation,   one obtains: 

r 
L.   S.   = (c   p)   .    4- c     C, +  l  ~°      p.,     (c,.     + c, ) M p^'air        p     f 0 Kfi.       fi. I ' ~3T 

+ (Tf-Tref) 

Ö-T 

VlCf> 
"Ö7T 

1 - o 1 dM   , 
°fi.  cl~Tr + cp 

l-o dM 
"TT"   pfi. "TT 

(64) 
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Substituting relation (64) into (63) yields: 

1 c)Tf 
i(c p) . +c Cf + | -^P- , ;>,. fcr + cM)!-^-- 
j    p    air        p      f     !     .' fi       fi. I at 

1  -o 

=  y 
1 -c. dM   ,     ü 

pfi. "ST*"^ 

üCf 1    p      f  i 

dx,     p oA 
f     rv s 

<Tf - Tref> / 

5x7 

rv.p , c 
v 1   air  po. air 

OTT" <VTref> 

(65) 

d   ;' kf    Tf ]    ,_     T      , 1 - a n    r    ÖM 
+ ^7 I"  0x7/ • (Tf " Tref> -a" Pfi.Ct ST 

, c,    v.c, 1 , 
- (T, - T__,)c_   *£r   D -^l + -A-1 ! + (T, - T    ,)c ' 

rv      f f s J v  I 
pfi. "ST 

The second term on the right side may be expanded to give: 

second term on R. S.   = (T, - T     ,)c 
f       ref'  p    jx. 

Dd°0Cf 
cVxT      Q A 

f s 

+ c p acf , vlcf STf 
dx,   '    o A     ■  dx vf J f 

(66) 

which,   when substituted into Equation (6?) yields: 

p,.     (c,.    +c.M) !  -s-i 
fi,   * fi.       I    '     at 

- c 
c*C,     V,Cf 

dx       a A 
f s 

_L + (c p) .    -2_ 
ox. pK air  dxf OA <VTref> 

dx, 0   dxf 

1 - a \ 
-5-hi. ^<c

t-
cp  ><VTref> 

(67) 

"5T 
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3.      The Dimensionless Absorbed Water Vapor (M) 

The absorbed water vapor can be shown to depend on the two varia- 

bles Cf and Tf.     Mathematically this is expressed as: 

M   =   M(Cf, Tf) 

where it is assumed M is always  in equilibrium with the. surrounding 

water vapor concentration and temperature.    A very complete discussion 

of the validity of this assumption,   together with experimental verification, 
4 

is presented in a paper by King and Cassie.       Since M is now expressed 

as a  function  of  two   dependent variables the derivative of M with respect 

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

dM dU   °Cf        bM   °Tf 

If the following definitions are now made: 

"5T" (68) 

one may rewrite the preceding expressions as: 

dM 
TCI =   <r 

dC£ dTf 

oTT-" oTT (69) 

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

tion (48) gives: 

1       l -° 
1 + — pfi.° 

bCt l -a dT, 

"a- pfi. » TT 0^ 

dCf     V.C. 

f s 
(70) 
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and Equation (67) may also be rewritten as: 

he   P)   .    +c     Cr + 
y  p    air      p      f 

1 -r 
Pfi. 

i^)pfi     cf. i+ClM+iD[x.(ce.c     )(Tf.Trrf)]j  \  y- 
1 v j i 

X - (c,  -c     )(T, - T     () 
I       p f       ref 

dC, 

TT" cp 
oC      V  C 

D—- + —LJ. 
ox,     o A 

i s 

) 

f 

(cpP)air OTT 'Tf - Tref» oxf Q   dxf 
(71! 

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 = 0 T£   =   Tf <xf) 

Cf   =   Cf  (xf)   . 
i 

The boundary condition for the fabric at the fabric outer surface (xf = 0) 

is obtained by equating the vapor mass entering the surface plane /rom 

the interior of the fabric to the vapor mass leaving the surface plane into 

the external air environment.    The energy boundary condition is 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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(72) 

=    U   (T,    - T   )   . of » 

In a similar manner,   the boundary conditions for the fabric inner 

surface may be expressed as: 

(73) 

/xf = Lf 

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.    Jn the following 

derivations,   it should be noted that m and E represent the mass and 

energy per unit 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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Figure 4.    The Air Gap Control Volume 
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1.      The Skin Surface 

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

skin surface per unit time can be expressed as: 

m      =   m   A ^,4) s s    s x 

where: 

m =    entering water vapor mass from the skin (lb/sec) 

A =    total skin surface area (ft   ) s 

m =   vapor transport from the skin surface (lb/ft  /sec) s . 

The enthalpy of this water vapor may be expressed as: 

h      -   c       (T       - T     ,) +  k   . (75) s p s ref x rv o 

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: 

q =    U  (T       - T   ) (76) Mcond. s     s a' *     ' o 

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

be expressed as: 

11      =mh+q        ,   A s s    s      \ond.     s 

or,   using Equations (75) and (76): 

E      =   m  A s s    s 
1 

c_   (T„    - T_,) + X|  + U„AJT„    - TJ . (77) 
o p        s ref s    s     s a *v        o J 
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2.      The Compressor 

't will bn aasuj:iOvi tint forc-1  v r.i,i.V.lion  i.;v-occurring -irA Vntil -i com- 

pressor supplies a volumetric flow rate described by: 

V   =   Vj  + V2 (78) 

where: 

V   =   total volumetric flow rate (ft   /sec) 

V,    =   volumetric flow rate which passes through the pores 
of the fabric (ft^/sec) 

V?    =   volumetric flow rate which passes through auxiliary- 
vents or orifices (ft^/sec). 

The mass of water vapor entering from the compressor can be 

expressed as: 

mc   =   VCc  =  (V1 +V2)Cc   • (79) 

The energy entering from the compressor can be expressed as: 

E      =   C  Vh      +  Vh  .      p   , (80) c c      v air      air c c 

where: 

h        =   cp  (Tc - Tre£) + k - enthalpy of water vapor at the 

the compressor (Btu/lb) 

h   . =   cp      (Tc - Tre£) = enthalpy of the air at the com- 

pressor (Btu/lb). 
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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 rewi'.e Equation (80) as: 

Ec   -   (V.  ♦ V2) (C  c       + c 
c   P, 

p       )(T   - T    ,) + C   \ 
p   .       air       c        ret c r a l r 

(81) 

3.      The Orifice 

It shall be assumed that the air and water vapor leaving through the 

orifices is at the average air gap temperature (T   ) and the concentration a 
(C   ).     Thus,   the water vapor leaving per unit time may be written as: a 

m =   C  V..    . or. a   I 
(82) 

Thv. energy leaving can be written as: 

E =    V- or. 2 (c      C    + c    P  .   )(T    -T     ,) + XC pa        p   air      a       ref a 
(83) 

4.      The Fabric Inner Surface 

The water vapor leaves the control volume through the fabric inner 

surface by both diffusion and forced bulk flow.    The total mass leaving by 

diffusion will be expressed as: 

m 
f
dlf. 

-K,As(Cfi-Ca) (34) 

where: 

mass transfer coefficient at the fabric inner 
surface (ft/sec) 

vapor concentration at the fabric inner surface 
(lb/ft3). 
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The mass of vapor leaving due to forced flow is 

<\     ' vicf, for. 1 
(85) 

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

expressed as; 

Ef     =    -  U.A   (T    -T   ] 1. 1    s     1.       a (86) 

where: 

U.    -    heat transfer coefficient at the fabric innex- surface 
(Btu/ft2/sec/°F) 

T-      =   fabric inner surface temperature (°F). 
1 

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

as: 

Ef?    =   mf, dif. 

1 
c     (T,   - T     .) +   >. p       f,        ref rv       1 

=   -KlAs<C
fl-

Ca> c     (T,   - T     ,) + X p       f,        ref rv       1 

(87) 

where we have assumed the vapor to leave at a concentration C,    and the 

temperature (T     ). 
fl 

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

Ef3 - vi 
(c     C(    + c p       )(T,   - T     e) + \C, p      f, p air       f.        ref f. rv     1 'air 1 1 

(88) 
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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   -   C A   L a   s   a (89) 

and the energy within the air gap by: 

E   = (c     C    + c p       )(T   - T p     a        p  .      air'     a *v *air ref> +  XCa] A  L s   a 
(90) 

(91) 

Conservation of mass and energy require that: 

dm -T—■   =   m    + m     - m - m- - m. dt s c or. f ... fr dif. for. 

^   =   E    + E    - E - E,    - EA.    - E,    . dt s c or. f. l~ f- 

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   L   -rr^- = Am    + (V, +V9)C . - C   V9 + K.A   (C.   -C   ) - V,C,  .    (92) s   a   dt s    s .        1        2'    c a   2 1    s      f.        a' If.'' 

and 
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MB U. -M ,   — ,  I .„  — 

A    L     ^7 s   a  at 

 1 
(c     C    + c 0   .   )(T    - T     -) +  | >.C   i | v  p     a        P   .       airM   a ref       '       ai rv air -     — • . 

-  m A  c      (T      - T     () +    m A   X ' + U A   (T      - T   ) s   s  p        s ref       Is   s s   s      s a 
v        o 

(93) 

+ (v1+v2) (c     C   +C        p   .   )<T   -T     f)   + x   p      c      p air       c      ref 
*v r air 

Wj +uiA,»Tf -v 

-V,(c     C   +c p       )(T   -T     ,)- 2V  p     a     p   .     air       a      ref rv rair 
V  >C 4K.A  (C,  -C   )c     (T    -T    ,) 1    sv   f1      a'  pv

v   ij      ref 

KlAs(Cfi-Ca)X -V.(c     C,   + c p       )(T,   -T     ,)-|V,\C, lv  p     f,       p   .      airM   f,        ref 1      1 *v     1       *air 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 obtain3: 

P     a 
* v air 

dT dC 
P_,J-*£+c     (Ta-Trr,)       a L. S.      =      (C        C       +  C u    .      I . r   ( [i        -     i ;    —-J-— 

p  .       air      dt p        a ref    dt 
(94) 

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

Equation (93) yields,  after considerable algebraic manipulations: 
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r "I  dT 
Cl c 

i   p      a        p   .       air I    at rv rair 
• J 

m sc Klc 

I~ (Ts    " Ta> + -LT^ <*£.  - W\  * Ta> a o a 1 1 

U U, 
+ 1T<Ts    "V + lT^f.  "Ta) 

a o a        1 
(95) 

V.c 1   P 

s   a 
C   (T   - T   ) - C,  (T,   - T   ) cx   c       a' fj     f.        a 

1      V2c 

+ in~Cc(VTa> s   a 

vl 
+ A   I c p  .    (T   - T. ) + AL       p  .      air     c       f / s   a     rair 1 7rrrcp .  pair<Tc-Ta>- s   a     'air 

The vapor transport equation (92) may also be rewritten as: 

dC m        K V V 

TT =  TT + IT <cf, - ca> + Ä-TT <cc " C£ l + 7nr^c-C*] 
aal s   a 1 s   a 

(96) 

E.     The Simplified Governing Equations 

It is apparent from the preceding section that a large number of corr.- 

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^-^^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 equations are entirely negligible compared with 

the remaining terms. 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 Il-B, must still be retained and used in a numerical analysis. 

2. Simplifying 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 remains constant with time« For these initial Studien, atten- 

tion will be directed only at situations where the volumetric flow rate 

through the orifice* and the porous fabric rwuains constant with time and, 

accordingly, it will be assumed at this point that V\ and V2 are constant. 

Examination of the energy equation for the fabric reveals that for 

most physically realistic systems the heat capacity (<■ p) of the air and 

water vapor are negligible compared with tho heat capacity of the fibers 

and liquid water absorbed by the fibers« Also, the product of the a .»cific 

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

- 37 - 



difference between  the fabric temperature and the reference temperature 

can be neglected in tne energy 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: 

.   ..I4SL|„,    c|ÖCf 

and 

Q *fi u|-oT- 
1 - a 

0 

aTf        a'cf v,  ac£ 
Pi"     M     \ . -      U     *•    +  —7—   -r  ii.       dt               T2 oA     dxT ox. si 

l-al 
0   |pfi. 

Cr         +   C.  M    !    X (0 
fi          ? 

L                j 
dt'" 

fl-o|      ,    uC 

d 
5x7 0 Tx7 + <cP 

cf + c 
pair air' QA      "5X7 s         1 

The initial and boundary conditions for the fabric cannot be further 

simplified and are reproduced below from Section II-B. 

at t = 0 Tf   =   Tf  (xf);      Cf   =   Cf   (xf) 

at x    = 0 

oTf 

x£ = 0 

=   U (T,    - T   ) of 00 o 
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at xf = Lf a  D 
dC£\ 

ÜX, 

S=Lf 
"   - Kl(Cf1 - <V 

<<4\ . ■•"iff«,-v- 
/xf=Lf 

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 dilfusion 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: 

(c     C    + c 
P     a rv 

dT 

p       Qair)-oT- rair 

U 

a 

U 1 
s   -Ta>+TT<Tf   -Ta> o a        1 

A   L      p s   a     *v 
C   (T   - T   )-Cr  (Tr   - T   ) 

c     c       a        fj     f,       a 
1 c     C   (T   - T 

p     c'   c       a s   a    rv 
+ A ;   c   c i AL      p     c 

t T-T— <c   P)   •     (T   - T-  ) + ^-4- (c  p)   .    (T   - T   ) . AL     x pM air      c       f.        A   L     x pM/air      c       a s   a      * 1 s   a      r 

The solution of the complete set of differential equations is presented 

in Apperdix C. 
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Ill     EXPERIMENTAL STUDIES 

A .     General 

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-oz cotton 
2 

sateen fabric which has a porosity of 12 cfm/ft    at 1/2 in.   H^O.    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 1 and Section II of this I eport utilized thermal and physical 

constants 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 

- 40 - 



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) 

i 

Probing stations (x/H) 

Fabric spacings (in. ) 

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. 50f   0. 75,   1.00 

0. 1,  0. 2,   0.4,   0. 6,  0.8,   1.0 
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profiles were measured for rsxlous combinations of external and internal 

ventilating flow» 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 attainment of a fairly good understanding 

of the boundary layer characteristics over the skin simulator surface. 

The large bulk of experiments was concerned \_.H laeMureaent? cf heat 

and mass transfer rates for various ventilating flow rates and fabric 

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 simple as can be obtained, 

several factors exist which tend to complicate the heat and mass transfer 

flow processes« It should be emphasised that the mathematical model was 

developed for conditions of one-dimensional flow. That is, it is assumed 

that conditions are not changing in the streamwise or spanwise directions« 

For various external and internal ventilating flow velocities, it is possible 

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-iced by distributed blowing or suction in the streamwise direction. 
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It has bean well established in previous experimental studies that the 

amount of heat aj*d 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 existing in the core of potential flow 

between the two boundary layers« This turbulerce intensity, in addition to 

the wetted length, determines whether the flow 111 remain laminar or 

transide to a turbulent boundary layer, 

B. Experimental Equipment» Techniques and Procedure 

1. Equipment 

a, Hot-Wire Equipment 

(1) Anemometers and Accessory Equipment.- Mean and fluctuating 

flow velocities were measured with a Disa Model 55A01 constant temperature 

anemometer, whose nominal frequency response extends to 50 kc/sec. A 

panel meter indicates wire voltages to an accuracy of £ 1 percent« Velocity 

fluctuation data in the form, of rm3 values were read on the Disa panel 

meter and on a Ballstine Model 320 true root-mean-square electronic volt- 

meter. Traces of the fluctuating velocities were recorded from a Tektronix 

Model 535 oscilloscope using a Polaroid camera. The Disa anemometer and 

associated equipment are shown in Figure 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 element lr« a 0.2-mil diameter platinum-plated 

tungsten wire soldered to two needle supports. 
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Figure 5.    Hot-Wire Anemometer and Accessory Equipment 
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Fig. re 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. 01 percent plus   iV.    The skin simulator 

temperature-regulating thermocouples were read on an automatic cycling, 

?.4-point,  Honeywell Brown stripchart recorder. 

The sensing element of the temperature probe is made of 1-mil 

diameter copper-constantan thermocouple wire stretched across two 

supports formed of an insulat'n0 glass 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.  H^O. 

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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•• Profr* Actuation Pevlc« 

For improved accuracy and simplification of the probing aedsuröcwnts, 

a method was devised in which the hot-wire, temperature, «*nd 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 are 

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 minimise probe disturbance effects, while allowing a fairly 

rigid insertion method. The grouping is positioned utilising a precision 

vernier caliper actuating mechanism which allows a positioning accuracy of 

£ 0.001-inch. Figure 11 shows the probes attached to the actuation mechanism. 

f. Skin Simulator Model 

The previous measurements1 were performed utilising a fairly small 

skin simulator model« In addition, it had other limitations on water supply 

and temperature control. 

To improve *-*»* validity of the results and to allow a better comparison 

with theory, tho following improvements were made: 

1) Longer model,- As the theory does not consider two- 
dimensional effects, 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 
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2) Bellt* r i t>ntrol of ho at rt* lease  . n tm   rondel. -   To ** - i u - 
rate I y deter mm;- the heat . .TtuaTTy~ 1 o s t U   the air stream, 
it is essential thai ed^e ann internal losses be carefully 
controlled.     This  is accomplished with an   improved guard 
heater system.     Because    f the method of adding heat to 
the oater 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 release in the model. - A new 
system to distribute and meter the water to the simulator 
was designed and fabricated.    This allows belter control 
of the water flow and results in  easier adjustment 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 O'iter surface upon which the heat and mass transfer 

effects take place.    It is formed of sintered bronze of 7-micron porosity 

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

Immediately below the top plate is a sintered bronze plate which has 

larger pores (100 micron) and irrigation canals to distribute 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 is applied to another copper plate, 

separated from the main heater bed by a triple layer of 1/8-inch thick 

polyethylene sheets.    Peripheral guard heaters of nichrome wire ribbon 

are imbedded within the polyethylene strips surrounding the surface 

layers. 

- 53 - 



n,*iii)ot.»ipir 

Sinter'd Brenne 7u   J 

M.iin Heater Bed 

- Peripheral Ribbon 
Heater 

Insulation Strip 

Epoxy S*al 
(water it confined 
above this level) 

Thermocouple Lcade 
from each level 

Main Guard Heater Bed 

!iT*<ii itii.fj  '.urn 

Figure 12.    Skin Simulator Model 

54 - 



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 each polyethylene 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 

sheet 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 th<* 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 slide 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 wa?s utili    *d to form the junctions. 

The leads are brought to the surface through separate holes on 

1/8-inch ceiH°rs.    At the surface they .ire bent horizontally and cemented 

into a shallow groove between 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. 
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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 Positioning 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 l/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 positioned and the assembly was ready for use after the 

epoxy had cured. 

Several types of positioning methods were utilized, depending upon the 

test configuration utilised. For the early tests the fr me 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. 4 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 hole" the unit in the desired position« The test chamber and fabric 

mounting plate are shown in Figure 14* 

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 

fastened tr the fabric holder frame and extended vertically out of slots 

in the tunnel roof. Lines were scribed horizontally across these plates 
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corresponding to air gap dimensions of U. 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 means 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) catches 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 IT,   versus mean velocity TJ 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; 

Eb
2   =   A + B(3U)1/2   . 
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V, Stand Pipe 

J_/ Overflow FUik 

JLL# Feed Pipe 

Figure 15.    Skin Simulator Water Supply and Control System 
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Himnttt« dtfcnitfc pis constant, tha abov» i •quatioft oin b* written in th« 
form 

rb
2 = A + B'(ü)

1/2
 , 

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 IV. 

b.     Fluctuating Data 

Turbulence intensities are obtained utilizing the following equation 

from Appendix E: 

.                 400 TF, u                              b , , 4 —   =    . _ e  ' (percent) 

Ü <V - <*bo> 

where: 

ur = rms fluctuating velocity 

e ' - rms fluctuating bridge voltage 

"E. = 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 nrb 

i V2 - <*bt/ 

designated as the turbulence parameter a,  is plotted as i function of IT,   in 

Figure 18.    The turbulence intensity u'/T7 can then be calculated for 

various values of e,' and E, . 
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3t Procedure 

The various parameters determining a particular test run condition 

generally interact with each other; i. e., a change in velocity requires a 

readjustment of heater power, which requires a readjustment of guard heaters, 

etc. It was found that a change in the air gap dimension required the least 

amount 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 selected by a valve in the 

outlet from the plenum chamber of the blower* The velocity was determined 

either from pressure readings with the Bets micromanometer or from the 

bridge voltage of a calibrated hot-wire anemometer using the Dioa equipment. 

The main heater was adjusted to yield 100°F as measured by the surface 

thermocouple 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 the 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, and humidity profiles were recorded by 

traversing the air gap with the specially designed probe mechanism pre- 

viously described. The micrometer drive head actuated, o'multa/ usly, 

three probes arranged side by side with their sensing elements in the same 

horizontal plane. Thus, at each height position in air gap,temperature is 

obtained from the thermocouple velocity from the hot-wire, and humidity 

via t)J mass flux probe at exactly the same values of ambient and test 

chamber parameters. 

Tr werses for the wetted runs were alwrys started at the underside 

of the fabric and proceeded downward to the skin surface. This procedure 

was necessary because capillary action would cause a b*ad of water to be 

drawn up around the probe tips when they contacted thf. skin surface. This 

bead of water would cling to the probes for seme 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' J monitor the ambient humidity. 

The hygrometer calibration was checked daily since the density in the 

sensing chamber was affected by the small sensing orifice in the probe as 

well as changing flow conditions in the test chamber. The sampling rate 

was adjusted to obtain laokinetic sampling, thus minimizing the dis- 

turbance of the flow field by the probeBs presence. 
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C.     Discussion of Results 

1.      Preliminary Measurements 

a.      Variation 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 vXternal 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 simulator 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 surface 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 L  .    Figures  19 through 25 

show velocity data for various constant nominal air gap spacings and 

outer "^ntilating 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 spacirvgs the boundary layers on the skin simulator 

and fabric surfaces merge, leaving no room for potential flow (sea 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 must 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 Figures 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, tbe data indicate a second order effect« 

Figure JO data show a consistent increase in centerline velocity as the 

spacing is decreased, even though the nominal external and ventilating flows 

remain constant. For higher flow rates, 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 ncni- 

nal fabric spacing, La of 0.4 inch for various combinations of external and 

ventilating flows. In general, the highest turbulence intensities, u1/ Ü 

occur near the fabric, although an unusually high level at 44.9 percent is 

reached at the skin simulator surface for run no. 43* *t the present time 

this high value cannot be explained. 

Figure 34 3hows data for two vertical positions of 0.005 and 0.20 inch 

at various nominal ventilating flow velocities Ua  . The transition from 
nom 

laminar flow at lower velocities to turbulent flow at higher velocities, as 

evidenced by higher turbulence intensities (7&20 percent), is clearly shown« 

Figures 35 through 38 show turbulence intensity profiles for various 

ventilating 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 is 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 v1 for normal boundary layer flow conditions at low turbulence intensi- 

ties. This can be seen 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 lero 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 in Figure 39 are traverses for a constant ventilating flow rate 

and variable external velocities. Except for the highest external relocity 

of 25 ft/sec, the influence on turbulence intensity is quite small. 

Figure 40 show^ data for various air gap spacings. For these particular 

flow conditions the effect of spacing is small, indicating essentially 

laminar flow condition*-. 

be Variation of Tect Section Configuration 

It was decided to establish some of the gross characteristics of various 

possible experimental arrangements before proceeding with the bulk of the 

testa. Four different configurations were studied at ventilating flow 

velocities of 5, 15, and 25 ft/sec, Th  irst two corbie,nations 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 arrangements, 

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 outflow 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 studied indicated that no flow 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 pressure side of the pomp. In the blowing case, the high 

pressure side of the pump was attached to the upstream .section of tunnel by 
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the flexible 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 

blowing 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 bs equal to the atmospheric pr ^sure. 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 within 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 a net outflow of air through the fabric 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 utilised. It is also 

evident that in field conditions one may observe a pressure differential 

across the fabric. To simulate 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 tue skin simulant 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 AWpresented 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/L    at which a 
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.    One also notes that the temperature gradient at the surface 

(y/L    = 0) increases with increasing ventilating flow rates.    Since the 
a 

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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This phenomenon 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 surface experimen- 

tal runs is presented in Table 2.    The first column of this table indicates 

the run number assigned to each experiment.    Columns  1 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 (O) is presented in 

Column 6.    The overall heat transfer coefficient for the skin simulant 

model may be conventionally defined by the expression: 

us = ÄTT-rr—) <97) 
s       mm 

where U    is the overall heat transfer coefficient, 
s 
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The values of the overall hea' 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 theoretical analysis presented in 

Appendix D indicates that the dimensionle. * Nusselt number should 

depend upon the dimensionless parameter 

Nu   =   Nu [(Re Pi)"1  j^] (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 Table 2. 

Similar to the definition of the overall heat transfer coefficient given 

by Equation (97) one may define a local coefficient by the relation: 

... -M^ 
s mm 

where K is the conductivity of the air-water vapor mixture of the skin 

surface,   and (dV/dy)   __ ~ represents the skin surface temperature 

gradient. 

Utilizing the probe data for the distribution of temperature through 

the air gap,   the gradierr  A temperature at the skin surface was graphi- 

cally determined and is presented in Column 5 of Table 2.    The local 

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 in the manner 
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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 parameter given by Equation (98) and evaluated for the 

local station under consideration (i. e, ,   at x - 0. 75 ft) is presented in 

Column  12 of Table 2. 

The graphical representation of the variation of the average and local 
-1      x Nusselt number with the dimensionless parameter (Fe Pr)       «—j-~   is pre- 

senter; in Figures 50 and 51,   respectr   *y.    The solid experimental 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 Z.boi ^his 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 thereof.    It 

is of special interest to note that these two curves possess very similar 

and almost identical 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: 

U    L  /2 
s     a 
 F ■-■*/ 

u    L   /2 
s     a 

dx 

or 

i    L  /2 
s     a d 

dx 

U    L   /2 
s    a 

(100) 
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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 transfer 

data also.    Since the average Nusselt numbers were obtained through 

temperature gradient surface data,  the correlation observed through the 

empirical relation tends to indicate that the experimental data 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 completed, however,  indicate a very strong 

similarity between the mass (vapor concentration) profiles and tempera- 

ture profiles achieved in ehe 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 

temperature for the dry surface condition at the same value of y/L . a 
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/L .    The reverse situation is noted to occur in a 
Figure 54 for the low velocity 5 ft/sec case.    That is,  over the majority 

of the range of y/L    from zero to one,  the vapor concentration profile a 
shows a larger value than the temperature profile for both wet and dry 
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skin simulant surfaces      This can h* 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 probably 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.    Columns 1 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 

Nusselt 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 unit time presented in Column 10.    The heat 

required to evaporate the amount of water listed in Column If may be 

expressed by the relation: 

Q =   XM (101) ^evap        **    evap x       ' 

where X represents the heat of vaporization of water.    Subtracting the . 

evaporative heat loss (Column 11) frorr- 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 Nussel^ 

number and downstream dimensionless distance are presented in Columns 

14 and 15,   respectively. 
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The vapor concentration gradient at the skin simulant model surface 

has been measured graphically from the plot of vapor concentration 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: 

ks =   c -ey. (102) 
s       mm 

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: 

k    L  /2 
Nu(x)   =     8   p (103) 

A dimensionless 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 for the heat and mass transfer cases is seen to occur in the 

replacing 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: 

\   -  A(CMe.VCaP.) (105, 
*   s       mm' 
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Using the evaporative mass loss from Column 10,  the skin simulant area 

of 1/2 ft ,  and the surface and minimum concentration value« from 

Columns 17 and 18,  one may find the average mass transfer coefficient as 

presented in Column 22.    Defining the average mast» transfer Nusselt 

number by the expression: 

K    L  /2 
Nu"  =   —^— (106) 

and the dimensionless downstream location by the expression: 

x   =   (ReSc)"1  j-^jr (107) 
a 

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 irÄöÜly 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 note that larger values of the dimensionless 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 EXPENDED 

In carrying out the present research investigation,  the following 

man-hours (by category) were expended: 

Category 01 - Senior Technical Specialist 

Category 03 - Technical Specialist I 

Category 05 - Senior Scientist 

Category 06 - Associate Scientist 

Category 07 - Junior Scientist 

Category 09 - Technical Editor 

Category 10 - Senior E&R Technican 

Category 11 - EfeR Technician 

Category 13 - Model Shop 

Category 15 - Art and Photography 

Category 16 - Binding and Collating 

Total 

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 
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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 profiles 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) 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. 

5) 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- 
mal properties have been allowed to vary with the spatial 
coordinate and time in the computer program by using the 
empirical relations discussed above. 

6) 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. 

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

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

B.    Experimental 

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

2) 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 heights of 
the order of 0. 001 to 0. 005 inch were utilized for these 
measurements. 

3) A fabric holding and positioning mechanism was developed 
that allowed rapid and accurate changes in the airspace 
height.« 
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4) 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. 

5) 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 measured for each 
configuration. 

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

The analytical and experimental studies have yielded the following 

conclusions: 

1) 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. 

2) 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) A computer parameter study should be conducted,  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. 

4) The simplified integral boundary layer-type of analysis 
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. 

5) 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. 

6) 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. 

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

8) 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,  ar.d possibly other parameters 
should be established. 

9) 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) 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. 

11) 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 inch. 

12) 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. 

13) Care should be exercised in interpreting experimental 
heat and mas3 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). 

14) 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. 

15) 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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NOMENCLATURE 

Symbol Definition and Dimensions 

C vapor concentration (lb/ft  ) 

c specific heat (Btu/lb ?F) 

c specific heat at constant pressure (Btu/lb *F) 

E energy flux (Btu/ft   hr^; energy production rate 
(Btu/ft3 hr) 

K mass transfer coefficient (ft/Hr) 

k thermal conductivity (Btu/ft hr QF) 

k8 reference skin conductivity (3tu/ft hr °F) 
o 

L, skin layer thickness of the skin-body system (ft) 

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

L3 deep body core thickness of the skin-body system (ft) 

M basal metabolism rate (symbol used in Crosbie, 
° et al. ) (Btu/ft2 hr) 

AM increase in metabolism due to shivering (symbol 
used in Crosbie,   et al. ) (Btu/ft2 hr) 

2 
m mass flux (lb/ft    hr) 

Q basal metabolism (Btu/ft   hr) 

&Q .. increase in metabolism due to shivering 
8IU- (Btu/ft3 hr) 

q heat flux (Btu/ft    hr) 

r relative humidity (dimensionless) 
2 

S sweat generation rate (lb/ft   hr) 

S reference sweat generation rate (lb/ft   hr) 
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Symbol Definition and Dimensions 

T temperature (*F) 

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

t time (hr) 

U heat transfer coefficient (Btu/ft   hr *F) 

V vaporization rate (Btu/ft   hr) 

x coordinate (ft) 

Of,,**^ physiological conductivity constants (1/°F) 

a      ,0       ,a control coefficients for shivering (Btu/ft   hr °F; 
ml     m2     m3 Btu/ft3 hr °F2; Btu/ft3 hr °F) 

a first power proportional cont/ol coefficient for 
sweating (lb/ft* hr °F) 

T physiological conductivity constant (hr/°F) 

X heat of vaporization (Btu/lb) 

Xn fourth power control coefficient for sweating 
(lb/ft2 hr °F4) 

p density (lb/ft3* 

Subscripts 

a ambient 

B average body value 

max maximum 

ref reference 

R rectal 

sat saturation 
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Subscripts Definition and Dimensions 

s skin-body system; sweat 

s outer skin surface o 

v 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-l 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 presented in th's appendix, can 

then be utilised to evaluate the pertinent physiological constants with- 

out any reliance whatsoever upon a discreet solution of finite differ- 

ence equations. 

*•     Solutions for the Steady-State Temperature Distribution 

Reference to Figure A-l 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:* 

2*   =   0 (A-l) 
dx* 

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 conr? ctivity depends 

only on the average internal body temperature,  the governing equation 
for this region 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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Figure A-l.    Idealized Skin Structure 

<* 
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wrs—.;-«rW/U4.5KS? S^ESSSSI3* ---. -  

,2T       E+AQ 

^4+ —^= ° <A-2) 
dx 

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: 

dx 

where Q = basal metabolism. 

^4 + £  =   0 (A-3) 

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

bution within the outer skin layer: 

T - T0   =   (£)o x (A-4) 

where l-r—I    represents the temperature gradient at the skin outer sur- 
,        lax/o face. 

Integration at Equation (A-2) yields: 

ar ■ [ar/j+ —E (x " Li> - ° <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 gradient at x = L. 

may be expressed as: 
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dT\ (dT\ 

«"li " Wo 

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

s) ■ 14 • ^^" • «i» 

Integrating once again,  one obtains: 

T - Tl   -   |clx-]0 
(x * Ll> -  ZE  (X " Ll' 

Evaluating Tt by using Equation (A-4) and substituting into the above 

expression yields the steady-state temperature distribution in the 

muscle layer of the body: 

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

the temperature gradient within this region: 

8 - ml + § e - h - 4> - o (A-8) 

The temperature gradient at interface 2 is evaluated by using Equa- 

tion (A-6) with x - L. = L2.    This process yields the following expres- 

sion: 

fell     ldTl    E + *Q*K , 
PH    Ho E— 2 
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which when substituted into the previous expression gives: 

dT       fdTl 
BT =    3xi 

E + AQ 

— L2 - T (x - Ll * L2> (A-9) 

Integrating once again one obtains: 

T-T2  = dT\       .     E + *Q,ln 
I3X"I 

- L„ (x-L1-L,).Ä(x-L1 -L,)6  <A-10) 'r'-vnr 1    "2' 

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

♦ m ,L.+u,.E ;t°8hi -/ T • - To+ lirj <Li+ L2> - 

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

T = T   +H   x     E * *°*1 T  2      E + AQahi L T0 + (HT|0 
X ZE L2 E L2 <x" Li" L2> 

2T <* - Ll " L2> (A-ll) 

The boundary condition at 3 (no heat flows through interface 3) requires 

that the temperature gradient evaluated at x = L   be zero.    Utilizing 
S 

this boundary condition in Equation (A-ll),  one may determine the 

temperature gradient at the skin outer surface to be: 

dT 1 = i h(E +

 AQ,hi) + L3Q (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: 

T   =   To4[L2<E + *Q,hi> + L3Q 

Region II; 

T   -   To4[L2<E 
+ AQsh.) + L3Q 

Region III: 

T   =   T o4[L2<E +
 AQshi> + L3Q 

E + AQ shi 

(A-13) 

E+AQ . . 7 

x ZF£2i(x.Lir       (A-14) 

2jj <x - Lx - L2 

X ZF  "2 |"2 

2 

JL2+2(x.LrL2)] LjLj+Zfx-Lj 

(A-15) 

By setting x - L.  - L2 = L- one may also evaluate the rectal tempera- 

ture.    This process yields: 

TR = V* E [L2<E + *<W + L3Q 
E+AQ 

L   - s TIT — L2<4+2L3^L32 

(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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B Vi 
E+AQ shi 1 - 

ZE 1 - TITTI 

"2 m- 
3    s 

^3 
^2Ls 

(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 Tn by T      for the skin surface 
s0 temperature) 

L3 

(A-18) 

Similarly,  the rectal temperature may also be evaluated in terms of 

the abovemerttioned variables and parameter*.    This process yields 

the following relation: 

TB + 

L2Ls/E + *W 1   - 
L2|  JS| + i 4 

L3f 3    s   Q 1 - h + i|
L3 

s i   s 
(A-19) 

Under steady-state conditions the total amount of heat entering the 

skin outer surface from within the skin (qQ) must equal the total inter- 

nal heat production (due to shivering,  exercise,  and basal metabolism). 

Utilizing relation (A-12) one may now write: 
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= Ls[(ir) <E + *W+ (r;j Q 

Introduction of the following dimensionless variables: 

(A-20) 

E. = L./L  . E- = U/L . E. = L-/L , 1 1       s       L c      s       3 3s (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: 

T.0 • 
TB " E2 '' ['■ I  r2    _ r2r3 ' r3 

jl   L   2 IE + AQ U\ f     ,       ^L. Q 

[ TR^B^ZI1"^-2^*?^     ^2r3+r3 

+ r. [i-r3 + jr3
2] V    Q 

-2-  r 

(A-22) 

L.2(ilf2jhi] 
(A-23) 

^0 = LS [r2 (E + AQsh.) + r3 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-l shall now be 

utilized.    The basal metabolism (per unit volume) is obtained by dividing 

the value presented in Reference A-l (designated by M ) by the thickness 

of the deep body core.    Thus one finds: 
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Q    ünrb   =  Ü75T7 = 13° »u/ft3hr (A-25) 

The internal heat generation due to shivering is found by dividng the 

increase in metabolism presented in Reference A-l (designated by 

AM) by the thickness of the muscle layer, which yields: 

AQ8hi   -- Q^2-  BtVft3hr (A-26) 

Subtracting Equation (A-22) from (A-23),  setting the exercise energy 

production (E) equal to zero, and inserting the following thickness 

values: 

Ls = 0.056 m;   Ej = \\   E2 = y;   E3 = j 

One may evaluate the thermal conductivity from the following equation: 

1.72  x 10"4 AQ       + ltQ       fn.. 

\ -     TR.T8 
8hl rfttr-- <A-"> 

R s0 

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 + Us <T80 * Ta> = M0 + *M 

where 

V   =   vaporization heat loss. 

Solving this expression for the vaporization loss one finds: 
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V = M„ + AM - U    (T      - T ) (A-28) 

The heat transfer coefficient for the skin surface as reported in 

Reference A-l is 1.09-Bt*/t&afl?.   Uslr« this value with,;   - 
the above equation as well as the experimental data of Figure 3 in 

Reference A-l 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-l.    The values of the thermal conductivity as 

presented in Table A-l are plotted 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 92,7°Ft   •    The ex- 

pressions which are found to describe the experimental points of 

Figure A-2 are listed below. 

k   =k [l + «! *TB]< 1.511 k8Q    for   TB>0 

k    = k-     U + a->  ATJ > °- 675 k        for   T- < 0 8        80  L 2       BJ 80 B ~ 

where 

Qj =  0.405 (1/°F) 

0^ =   0.181 (l/°F) 

k =0.29 (BU/ft Hr°F)n 
s0 

*Tb =   TB -100<°F)   : 

-145 - 



(82-V  *b3) A H     N     <*)     t     ifi 

to.) rsivOvar-oroco^coro© 
>OOOOMif»t*-^cO<*^>0 

POcOcOrOCOCOCOCOCOCOcO 

«TJ 
(OP   iqUI/I«D5|) 

(12-v #ba) % 

<<j«incorvjco^r-co>o»-<oo 

cv4cococopo^if»>0*OvONO 

o   ©   ©   ©   d   d   d   d   d   d   d 

(9Z-V  'b3) ™80v 

00 vO "♦ v<5 0s 

00 O O iT) NO 

to oo NO r* ^f 
PO © >o o^ oo 
t^ If» co ^ 

o   o   o   o   o   o 

< 

I 
H 

(dx9) wv 

(Do) 

(dxa)    V*X 

^'      CO      Is-      NO     vO 
r^.   ^   oo   -*   co 

^MQo'inm'^HOOOOoo 

oor*cocO(Nj»-«^Hv0^c^c>j 
^orvar-fsjoo^t-^cofMco 

uT   m*   ^   ^'   ro   M'   N   N   N   N   f\J 

O.) 
(dxa) *x 

N   (^   co   «   N   H   ir,   ^rqoot^ 
sOr*r*-ooo^o»-«NcorsjT^ 

>o   sd   o   >d   vO   r**   r-   r*   f"-   r**   P* 
COCOCOCOPOCOCOCOCOCOCO 

(DJ "*Nöir>oo©^oo *o   ^H   m 
>       ©        ^H 

POPOPOPOPOPOPOPOPOPOPO 

to.) 
(dxa) *x 

co^mNOr*ooOfM^>ooo 
<MrNjojrsjoj(Mcococococo 

-.«UP* 



34.4 34.8 35.2 35.6 36.0 36.4 36.8 

Body Temperature,  Tß (ÖC) 

Figure A-2.    Experimental and Empirical Variations with T„ 
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Experimental studies discussed in Reference A-l 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-l suggested by Crosbie, et al. Therefore, the skin conductivity for 

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

511k       forTn>0 
80 B 

= k        1 + OL    AT    + T -JL    > 0. 675 k       for Tn < 0 80 L 2       B d*   J  " 80 B " 

(A-29) 

where 

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

It was found that the incred.se in metabolism due to shivering may 

be satisfactorily approximated by a parabolic function of-3042°fj£ATR 

< 0:   That is: 

AQ.v,i a -°L    *ln + °L    AT
A

2
   forwjüiartJjfAT. < 0 Shi m« a Tdy D wm       o 

am   = 19^ Btu/ft3 hr°F (A-30) 

a      = 16.2 lfcu/ft3 hr°F m2 

And for AT   <-30.2flPthe increase in metabolism due to shivering may 

be adequately expressed as: 

^ehi*570"0^1*  *TB> 
<A-31) 

a     = 5U9 9arfV? hr°F 

For AT_ > 0 the increase in metabolism due to shivering is 0. 
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As in Reference A-l the vaporization loss as a function of AT„ may 

be approximated by a fourth order polynomial^for AT    > 0).    Thus, 

one finds: 

V =   Vft+ a   AT    +  X    /ff   4    for   AT0 >0 
0       v       B       v       B B 

V =   VQ for   AT    <0 

V0 = 2,21 Btu/ft2hr (A-32) 

<*v = 3.07 Btu/ft2hr°F 

X   = 2.02 Btu/fb2hr0P^ 

One sees from 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 Tß/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.   E). .    Also, as will be seen in the following section, 

such an expression is required to evaluate the value of T appearing in 

Equation (8).   . 

If one integrates Eq. (2.5) 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). 

(A-33) 
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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 (cp) s 
and k   from the spacial integrals in Equation (A-33).    Using the ex- 

s 
pressions for Q' (Eq.   %S) and  the  abovementiOned  facts,    Equation 

(A-33) may be rewritten as: 

L 
8dT 

(cp). 5-i. dx    = k 

I    Qdx8 

dx    + s 

Ll + L2 

^shi^s 

(A-34) 

VL2 

Since the integration in (A-34) is with respect to x  , the time 
s 

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

Integration then yields: 

L 
oT 

<cp). at 
J L x =L x sOJ 

S        S 8 

ME+AQ8h.)L2+QL3 

(A-35) 

However, by definition: 

if T   dx    = TD s      8 B <A-36) 
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Also,  since no heat flows through the surface at x    - L : s s 

ft)    ■' 
x  =L 

s      s 

UtiU*atioh of the boyndaryi condition at the skin oute*c*x*f^e3<Bo>*A30) 

and the previous ^expressions in l relit ion (A-35) leads tot 

^>sLs   ^T  =<E+AQ
8hi)L2+QL3-^s[>v<T80-

Tref)+^ 

(A-38) 

- U    (T      - T ) s      s0       a' 

which may be rewritten as: 

B   _ ^shi    T 
ST =   (cpL) L' T 2 + rc&7   L3 - (^7 [Cpv <\ - Tref>+^] 

s 

U (A-39) 

This is the expression which was sought and will be utilised in the 

following section. 

4.     Evaluation of T 

The computer solution indicated in Figure 4 of Reference A-l£ will 

now be utilized to evaluate T. This figure shows the transient response 

of a nude subject moved suddenly   from a warm room (89»6 F) tQ a cold 

room (6*i8^F)«   The assumed initial condition was that of thermal 
_ A-1 equilibrium.    If one rewrites Equation (A-39) in the notation of Crosbie, 

there results: 
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,Tß EL2+AM+M0-V-ü8(T8o-Ta) 

-3T 7^1717 (A-40) 

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 superscript (-) and (+),  respectively, 

one may write two equations: 

1*1 
(-)      AM1"* + M- - v'_) 

^^s 

■»•[' 
T     <") - T   (_) 

(A-41) 

T    (+)    AM<+> ♦ M0 - yW - u8 

rar-  
T    (+) - T 

.   80 ■1 
THPTTT- 

(A-42) 

l*f 
Since the subject was in equilibrium before entering the cold room, 

(-) 

= 0.    Also,  since the skin temperature distribution cannot 

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

(+) s T     (-) 

T   (+) . T   H 
(A-43) 

Also,  since the metabolism (AM) and vaporization rate (V) are 
assumed to depend only on Tr>.  one may write: 
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AM(+) = AM«*' 
(A-44) 

v<+) . v<-> 

Subtracting Equation (A-41) from (A-42) and using the above»)entioned 

equalities,  one finds: 

,dT_»(+)       U   [T<
+

>-T<->] 

h?|       ■      ,l(cap)gL6   a    J <*"«> 

The difference in skin conductivity immediately before and after 
entering the cold room utilizing Eq.   (£6)      and relation (A-43) may 
be expressed as: 

,dT, «(+> 

vT' - v = v h^l (A"46) 

/dT   , 
Solving for X and introducing (A-45) for  |  At   )     , one obtains: 

■ k u rT <+>. T <-n 
s0   B|   a a     j 

From Figure 4 of Reference A-l, one finds k  (+) - k  *"' = -0.0000374 Bttt/ s s 
mhr °C.    Also,  from the given conditions of the problem and physiological 

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

<A-47) 
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2 Oi (cp)8   =  11.5 Bin/**     ? 

k      * O.OOOCMX* Btu/ft 8«c °F 
80 

U    =  O.OOO302 Btu/tt* »ec °F s 

T <+» - T <->  =   -3.2°F 

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

T   = 0.30715 hr/°C 

= 614.28 sec/°F 

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

T = 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 discussion 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 refleot, 

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: 

™s ■ Ks <Cs0 - Ca> <A-49> 
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Corresponding to this rate,  the maximum   vaporization possible can 

be written as; 

Vmax = XK    (C      - C ) (A-50) max s       s^        a 

where \ represents the heat of vaporization of water.     The vapor con- 

centration at the skin surface equals the saturation concentration which 

exists at the skin outer surface temperature.    Thus,  C      may be ex- 
S0 

pressed mathematically as; 

C      = C        iT     ) 
s0        sat      s0 

where C      (T) = saturation concentration at a temperature T (lb/ft  ). 
Sal 

c Defining the relative humidity as r = -^ ,  the ambient vapor con- 
sat centration may be expressed as: 

C    = r   C    t (T  ) a        a    sat      a 

where r    = ambient relative humidity      ;>,,]■ ,*   ' **.t.I%r; of thov ^-»rossion:; a i 

into Equation (A-50) gives: 

V =  KK max s C        (T     ) - r   C        (T  ) (A-51) sat      s   '        a    sat      aJ ' 

A-2 Data for free evaporation of water from a paper by Gregory have 

been utilized to determine a proper value for the mass transfer coefficient 

(K ).    The results of experimental studies of free evaporation yield the 
A-2 following information. 
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m    = 1. 44 x 10"S gm/cm2 sec = 2. 949 x 10~5 lb/ft2 sec s ° 

= 37.5°C = 99. 5°F 
80 

T    = 20. 5°C = 68. 9°F 
a 

r    =0.63 
a 

The saturation concentrations corresponding to T      and T    from 
s0 a 

Reference A-3 are 2.8133 x 10~3 lb/ft3 and 1. 1120 x 10'3, respectively. 

Equation (A-49) applies for free evaporation and, using this experi- 

mental data,  one may determine K    as: 
S 

K     =    2. 949 x 10"5  
8        2.8133 x 10"3 -0.63 (1.1120x 10"3) 

=   1.396 x 10~2 ft/sec 

Figures V3 sat* 4-4 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 
A-4 

of Hardy and DuBois.       '   It can be seen that the.agreement between 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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.-ummmm 

The consequfehcM of possibility ~2 wilJL no*** examined. ilfi2 is a 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 
a 

approximately T   = tyfitj#th* ambierife end skin surface conditions<ma   ^ 
a 

of a magnitude which would allow more moisture to evaporate than was 

experimentally observed.    Thus,  condition M2" above is definitely im- 

possible up to T    = 92!?F%  ~\    Actually it is most probable that the humidity a 
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.    It om, tnWMftl*, ,bjSgS»Mslfrt^<tl^^ 

humidity employed in these experiments was low enough (at least r    = 
a 

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 iSMsat gensrstitta rstSiBay 

J>e expressed *} the relation:   ; 

S   =  - (A-52) 
X 

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: 

S = S0 +  Qs *TB +  Xs *TB4    for ATB > ° 

= SQ for ATB <_0 
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whe re: 

SQ = 10. 0688 gm/hrm2 = 5. 7285 x 10"7 lb/ft2 sec 

a = 25. 138 gm/m2hr°C = 7.9457 x 10"7 lb/ft2 sec °F s 
X - 96.895 gm/m2hp°C4 = 5. 2514 x 10'7 lb/ft2 sec °F4 
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APPENDIX B 

EVALUATION OF FABRIC-RL^ATED CONSTANTS 
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NOMENCLATURE 

Symbol Definition and Dimension 

a percentage of fabric which is in a parallel arrange- 
ment 

C concentration (lb/ft ) 

F.,F2»F« functions 

k thermal conductivity (Btu/ft hr °F) 

m mass (lb) 

M dimensionless mass of absorbed water vapor 

M«   n maximum dimensionless mass of absorbed water 
vapor 

r relative humidity {di^rnensioniess) 

T temperature (   F) 

V volume  (ft  ) 

a geometric (volumetric) porosity of the fabric 
(dimensionless) 

p density (lb/ft ) 

a (dM/dC)T (ft3/lb) 

o> (6M/dT)c (1/"F) 

Subsc ri pr b 

t * fabric 

m fiber 

I liquid 

sat saturation 
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EVALUATION OF FABRIC-RELATED CONSTANTS 

1.     Determination of the Fabric Conductivity (k-) 

It was pointed out in Section III-Bthat an expression describing the 

average fabric conductivity at any point xf is required for use in the 

governing equations.    Since the thermal conductivity of water is one 

order oi 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) Tne three materials are arranged in a series fashion. 

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

is given by: 

V V . vt 
k = -ri-  kf. + -^L k .    + _   k^ (parallel arrangement) 

V V V 
1      vfi     1 air 1,11,.                             .% jr = -n- r— + -y— •£—    + -^-   j-    (series arrangement) 

fi air ^ 
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where: 

V-. /V   =   volume of fibers per unit volume of fabric 

V      /V  =   volume of air per unit volume of fabric air * 

Vj /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 

Vf. 
-$- = l -a (B-i) 

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

since V-. + V  .    + V^   =   V, one may write, 

V,   fV. 
1   v  &ir   ■ a (B-2) 

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

n*t/pi an<* that of the fiber by V-, = m../pf.»dividing the relations gives: 

Noting that m^ /mf, = M and using Equation (B-l) one can write 

V. p      V.. 
«•     _ XA    fi      fi 

Pr 
= (l-a)-^i M 

V 

(B-3) 
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Using this relation in (B-2) gives: 

V  . p 
-4£^   = a   - (1 - a)-ii  M (B-4) 

It shall now be assume^,    as in Reference B-l,  for a general situation, 

that in an incremental thickness (öx), a length of a&x is composed of 

series elements and (l-a)ox of parallel elements (refer to Figure B-l). 

   6 x i 

•aöx —        m\m   (l-a)6x 

u 

.»4 

Fiber 

Liquid 

Air 

Figure B-l.    Schematic of the Composite Slab 

Designating the conductivity of the series and parallel sections by k 
a 

and k1-a>  respectively, the conductivity of the composite slab can be 

written as: 

1 *    x    1-a 
TT   = T + IT" f a 1-a 

(B-5) 
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where 

1    , (l - a)    '     + (l - a)^i u jl + fa- (1 - Ä M| Tj-i— 
Ka h t        Kt      I *      J    air 

-a)^Mkt+[a-(i -a)^M]k,ir k      Ml-a)kfl+(l 

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 

Chamberlain 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: 

T     =   25°C (77°F);   r   =   65% 
a 

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

k •  = 6.2535 X 10"5 cal/cm s«c°C - 0,01508 Btu/ft hr °F air 

kt    =   1.4505 x 10~3 cil/cm s<u°C   « 0. jW5 Btu/ft hr °F 

The a;iount 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 data for unwoven,  loosely 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 
B-4 of fiber-to-liquid density is 1. 565. Referring to Equation (B-5)   it is 

noted that all constants are known, with the exception of kf..    By 

assuming 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-l.    The agreement is noted to be quite good, especially in 

the middle range of a.    It shall, therefore, be assumed that the fiber 

conductivity is: 

kf.   =   £.02 x 10"5 Bttl/ft sec °P 

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

constants,  curves can be drawn which show the variation of kf with a for 

various values of the parameter "a".    These curves are presented in 

Figure B-3, along with the experimentally determined values of k. for 
B-l various woven fabrics. 

The differences between the various fabrics tested will not be delved 

into«   It is important to note, however, that the experimental jtoints 
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 

agreement.    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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Equation (B-5), once the dependence of "a1" 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 k- if a = 1 

is selected and it may be desirable for a first    *•  er approximate analysis, 

to use this value of unity. 

It is interesting t i note that the   abovementioned range for "a" implies 

that woven fabrics can be considered to be composed of approximately 

80 to 100 percent series elements. 

3»     Evaluation of M,  aiand a for Cotton Fabrics 

The solution of the rabric governing equation requires a knowledge of 

the variation of M, o> r nd a with the local temperature and vapor con- 
B - 3 

centration.    Experiments were conducted by Urquhart and Williams 

to determine the dependence of M on temperature and relative humidity. 

By utilising the results'of these • experiments, it1 has*been possible to 
establish an empirical ast of equations ^describing this variation« 

If one defines the maximum absorbed moisture (which occurs at a 

relative humidity of 1.0) for any temperature (T) as M.   n(T), and forms 

the ratio M/M.   n, a universal curve for restricted temperature and 

all relative humidity ranges can be established as presented in Figure 

B-4.    The variation of M.   ~ 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 B-3 for each value of r 

and for the temperature range 6Ö°T   <.T < 122°F«   An indication of the 

dispersion in the data is presented in Table B-l in which the percentage 

dispersion at each relative humidity r,  is defined by 
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Table B-l 

DISPERSION OF MASS ABSORPTION DATA 

0:05 19.5 0.30 4. 1 0. 55 3.2 0.80 4.2 

0. 10 17. 1 0.35 4. 1 0.60 2.0 0.85 3.8 

0.15 10.9 0.40 4.6 0.65 2.8 0.90 4. 3 

0.20 10. 1 0.45 2.0 0. 70 2.6 0.95 5.3 

0.25 6.6 0. 50 1.2 0. 75 4.0 

The average dispersion in data over the entire range of relative 

humidity was determined to be $.9 percent, and^thi* ia reduced to 

about 4 percent if the points below r • 0,25 are excluded. 

The curve shown in Figure B-4 io described by the following set of 

equations: 

for 0 <.r <.0. 05 

™—    =   2. 8765 r - 46. 19 r2 + 325. 2 r3 

M1.0 

for 0.05 < r <0. 15 

U  ■    =   0. 0690 + 0. 6965 (r - 0. 05) - 2. 6928 (r - 0. 05)2 

M 

+    10.718 (r - 0. 05)3 

for 0. 15 < r < 0. 50 

M 
«    =    0. 1219 + 0.46328 (r - 0. 15) 

1.0 
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for 0. 50 < r < 0. 70 

jJ4—    = 0. 2840 + 0. 46328 (r - 0. 5) - 0. 0908 (r - 0. 5)2 

1.0 

+ 3. 147 (r - 0. 5)3 

for 0. 70 < r < 0. 90 

M 2 
TJ2~-    =   0. 3982 +0. 8046 (r - 0. 7) - 0. 6475 (r - 0. l)c 

M1.0 

+   16.5975 (r - 0. 7)3 

for 0. 90< r < 1.00 

*J£-    =   0. 6660 + 2. 5373 (r - 0. 9) + 6. 4810 (r - 0. 9)2 

M1.0 

+   15.46 (r - 0. 9)3 

and the variation of M.   Q with T is described by (for 32°F< T<  120°F): 

Mj  0   =   0. 2193 - 6. 61481 x 10"4 (T - 32) - 7. 20165 x 10"7 (T - 32)2 

+   1.60037 x 10"8 (T - 32)3 

To evaluate o and a>,  one writes M as 

M  =  M1.0<T) Tzf-0<
r> 

or, with the following definitions: 

Mi.o       l 

M1.0   =   *2<T> 
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the above expression becomes 

M   =   Fj(r) FE(T) (B-6) 

From the main body of this report o and w are defined by 

o =  |^ (B-7) SIT 

">   =   -|£ <B-8) 

Utilisation of Equation (B-6) gives: 

0 = sr [Fi<r> Fa(T>] 

•   " -;&[Fi(r>F2
(T>] 

or, expanding: 

0    "   Fl(r)oTT  F2(T)+F2(T)   ^  Fl(r) 

a)    =   . Fl(r)   fa  F2(T) - F2(T)   fa Fj(r) 

With the chain rule for differentiation,  one may write: 

F,(T) 

-|c-  = ° 

*    F W   -   dFl(r>     ör 

3Ü Fl(r) 37—    §C 

(B-9) 
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r 
ÖF2(T) dF2(T) 

o~T~   =  ~~3T 

oF^r) dFl(r)   dr 

Since the relative humidity is defined by: 

r   = *w™" 
and if we define the function 

Csat<T)   =   F3(T) (B-10) 

one may obtain the following: 

dr o 
FTTD J    =   F7TT 

ST 
o w lr7n ■]■■ 23" ar r3 F,(T) 

F3"(T) 

=    - r iL[F3(T)]/F3<T) 

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

for a and a) are obtained: 
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F2(T) 
r- Fjm Fi'(r) 

F2(T) 

(B-ll) 

'•» = r^ryF3,(T>rFi'<r)-F2'<T)Fi<r) 

where the primes indicate differentiation with respect to the argument of 

the function,  i. e. ,  F. '(r) =-T- F. (r). 

The functions F. (r) and F?(T) were presented previously and F-(T) 

(C      ) can be determined from tables (Ref. 6).    Therefore, a and CD can 
S 3.L 

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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APPENDIX C 

SOLUTION OF EQUATIONS 

- Ml- 



NOMENCLATURE 

Symbol Definition and Dimensions 

A total skin surface area (ft ) 

A, B constants in the polynomial approximation 
3 

C vapor concentration (lb/ft ) 

M 

m 

specific heat (Btu/lb °F) 

specific heat at Constant pressure (Btu/lb °F) 
P 

D vapor diffusion coefficient (ft  /hr) 

E energy production rate due to exercising (Btu/ft  hr) 

gj -gg functions 

K mass transfer coefficient (ft/hr) 

K  ;K  ;K mass transfer coefficient at fabric outer surface; 
fabric inner surface; and skin outer surface, 
respectively (ft/hr) 

k thermal conductivity (Btu/fthr°F) 

k reference skin conductivity (Btu/fthr*F) 
s o L thickness of fabric, air space, or skin-body system (ft) 

L. skin layer thickness of the skin-body system (ft) 

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

L, deep body core thickness of the skin-body system (ft) 

dimensionless mass of absorbed water vapor 

mass flux (lb/ft2 hr) 

m mass of liquid available for evaporation at the skin 
avai surface (lb/ft2) 
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Symbol Definition and Dimensions 

N + 1 number of nodes 

3 Q basal metabolism (Btu/ft  hr) 

AQ . . increase in metabolism due to shivering (Btu/ft   hr) 

r relative humidity (dimensionless) 

S sweat generation rate (lb/ft  hr) 

S reference sweat generation rate (lb/ft  hr) 

T temperature (°F) 

AT« deviation of the instantaneous average body tempera- 
ture from its reference value (*F) 

t time (hr) 

At time-increment (hr) 

At A     ;AtT maximum allowable time increment for time t. at 
%#j        i, j        fabric node j for the concentration and temperature 

equations, respectively (hr) 

At     ; At-, maximum allowable time increment for time t. in 
a. a* the air gap for the concentration and temperature 

1 equations,  respectively (hr) 

U heat transfer coefficient (Btu/ft2 hr °F) 

u arbitrary variable 

U heat transfer coeff 

U  ;U.;U heat transfer coefficient at fabric outer surface; 
° s fabric inner surfaces and skin outer surface, 

respectively (Btu/ftzhr °F) 

V,, V, total volumetric flow rate «through the fabric and 
airspace,  respectively (ft /hr) 

x coordinate (ft) 

a geometric (volumetric) porosity of the fabric 
(dimensionless) 
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Symbol 

m.     m^    m* 

a 

r 

5 

Definition and Dimensions 

physiological conductivity constants (1/°F) 

control coefficients for shivering (Btu/ft   hr°F; 
Btu/ft3 hr °FZ; Btu/ft3 hr *F) 

first power proportional control coefficient for 
sweating (lb/ft^hr °F) 

physiological conductivity constant (hr/°F) 

increment in spacial coordinate (see Figure C-l) 
ut) 

heat of vaporization (Btu/lb) 

fourth power control coefficient for sweating' (lb/fti 

hr'F4) 

p density (lb/tt ) 

0 (ÖM/ÖC)T   <ft3/lb) 

0) 0M/aT)c   (1/°F) 

Subscripts 

a airspace 

B average body value 

c compressor 

f fabric 

fi fiber 

i time increment number 

Ö node number 

t liquid 

min minimum 
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i.WP" 

Subscripts Definition and Dimensions 

sat saturation 

8 skin-body system; sweat 

v vapor 

• free stream 
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SOLUTION OF EQUATIONS 

1.     Explicit Finite Difference Equations 

The nonlinear nature of the various governing equations developed 

previously precludes the possibility of obtaining analytical, closed form 

solutions for the temperature and vapor concentration distributions in 

the fabric-air gap-skin system.    Consequently,  numerical methods of   - 

solution must b* resorted to as discussed in Beference C-l* • Utilising^ 
finite difference approximations for the various partial derivatives ap- 

pearing in the governing equations, a series of aljgebraic relations may 

be developed which'relate the value of any variable (say, u) at a time 

t + Bt to the value of the variable at time t. 

The subscripts f and s shall not be employed at this time.    It is to 

be understood that whenever a subscript is not indicated, the equation 

applies to either the fabric or skin portions.    In general, if one divides 

a slab into N slices of equal thickness, the geometric representation 

shown in Figure C-i arises.    The first and second partial derivatives of 

a variable u with respect to x at any interior nodal point j (j - 1,2,  ......  N) 

is approximated by passing a second order polynomial through the values 

of u at nodes j-1, j, and j+1.    It should be noted that nodes 0 and 2 are 

not equidistant from node 1 and,therefore, it is to be expected that the 

finite difference representation for node 1 will differ somewhat from 

that determined for an interior node.    A similar statement can be made 

for node N by symmetry considerations.    Therefore, an ir eriör nods 

(j - 2,3, ......... ^2, N-l) Will first be considered.   A second order 
polynomial can be expressed as: 

u = u. + Ax + Bx2 (C-l) 

wnere x represents the distance measured from node j (positive to the 

right),    u. represents the value of u at the j     node (x = 0).    A and B can 
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be evaluated by noting that vi      »at     \ ~-   -and u « u.  • 4tt x ~ -6, 

Utilizing these conditions,  one may evaluate A and B to obtain: 

u.,,  - u.   . u.,,  - 2u. £ u.   , 
A =   lily!   J~* B =   J+1      , J i=L (C-2) 

26 20* 

The finite difference approximation for the first and second derivatives 

at node j can be expressed as: 

M=h-o - A 

mrPir 
and therefore, 

M ■ :H^ 
/*2 \       u...  - 2u. + u.   . 

Pi. •'  J '" 
for j = 2,3 N-2.N-1. 

(C-4) 

Using the same type of analysis, one can evaluate 

w- &i - ►; to be: 
o 
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M . u2 - 4u
0; 

3ui 
pjl —rf— 

d2u\ U2 - 3ul + 2uo I ^       "      " 1 <C-5> 
*'l 3o 

H- 9U1 - 8uo - U2 
to     

Similar methods yield, for the N     node: 

/au\ 4uN+l * 3uN • UN-1 
NN=  *  

I a2u\    _   2uN+l-3uN+uN-l 

'N io 
7^ ~ (C-6) 

I «1        .   8uN+l * 9uN + UN-1 

The finite difference representation for the N     node in the skin structure 

can be simplified by introducing tho ooundary condition L—J = 0. 
th "       N+l With this relation, one obtains for the N     node: 

|J UN"UN-1 
,x|N ZB—- 

aM -     UN ; "N.l 

*nduN+lsuN + i>N-uN-X)- 
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All the preceding relations can now be utilized in the appropriate 

differential equations and boundary conditions. In the following finite 

difference equations, the subscript i refers to the number of the time 

increment and the subscript j refers to the number of the nodal point. 

To develop these equations, we have evaluated all spacial derivatives and 

functions (i.e. , ü), a, M) at a time t., that is, at the beginning of the 

time increment. 

For the fabric, one obtains: 

Node 1 

|l + i^2L p     a.   . 
C - C 

i+l.l        i,l 
—ST;  

1 - a 
T -T 

n+1,1    i,i 
"St i 

-i£l |C,       - 3C,       + 2Cf 
3öf'  j   XZ i.l i,o s   f 

C,       -4C 
1.2 

(C-8) 

f.      +3Cf.   J 1,0 1, 1J 

and 

I" ql P-.     cr.    + c M.   . + \a\   . a   |  fi.| fi|     i   i, l        1,1 

T - Tf 
i+i,i    n,i 
 st:    — 

i 

1 -al Pe. \a. cT-p-fi.^i,! 

-c - Cf 

At. 
l 

351^ c    C,       + c p . 
pv  fi,l       Pair   alr 

Tf.      -4T£.      +3Tf.   . 1,2 i,o 1,1 
(C-9) 

—2--- k Tf       - 3 Tf      +2 T. 
3^67    fi,i     fi,2 

fi,l 

17S. ,k -4Tf. 
°a°f   »•    iiil [   1,2 1,' 

+ 3T, 
i, 1J 

-O) 
i,l 

T£        -4Tf       +3T, 
i,2 i,o 
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Interior Nodes (j = 2t 3, Nf - 2, Nf - 1) 

'♦'*■*•«,•.., 
%%%i] - M'AJT^TH 

¥ Cf "   2 Cf . .+Cf. J +OTT37  cf. . 
j+l        £i.J-l 

(CIO) 

and 

P..   |c„    + c, M.   . +*•">,   . .T'mC'''] -M«.i 

V 

# L j 

*i r ir        l TV-    C    C.      + C        p  .       T, -T, A B    I   p     f. p .     air   I   f.   ...       f.   .   . 6 £ L *v    i,j       *air      J L   i*J+l        LJ-1. 
(C-ll) 

+   -4- K     |Tf - 2Tf      +Tf act-       i.   .i   i.  ..« i.   .       i.  ., ii 0 t-       i»j|    i»J+1 *.J        i.J-lJ 

4«6^ an     *f. .   -^ . JruK .+1"
cf. . J 

_toi.j [T«ij+i ■ Tfi,j-iJ 
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Node N, 

[+ ("H P
«°I.N| st; J - H"fA.Ni si; J 

(C-12) 

-i^   2Cf - 3C. +C£ 1+        >_4Cf -3Cf        -C. 
*f    L     i>Nf+1 l'Nf        i.Nf-M • f L      l»Nf+1 i,Nf      i,Nf"1J 

and: 

 ■ t 
T - T 

"   fi+l,N,       fi,N, 

|^)»«k+clMi,Nf+
X%Nf ''itt       '   'j * (V)%^.M£ 

•C, - C 

V] 
wir 

[fi+l,Nf        'i.N.l 

—k-^] 

^[cPv\N£
+cPai/J[4\Nf+r

3\Nf-\Nf.J 
,c*13) 

4\Nf r i 
 --i-   2T -3T +Tf 
3<*f*      I    XH^l fi.Kf      

fi.Nf-lJ 

1 

906f
2   Ld"3 i 

-3C 

,NfL    fi.Nf+l fi,Nf      'l.N£-lJ ]*,Nf[    f«.Nf+l 

Ei,Nf      
fi.Nf-lJ      i,Nf[    fi,Nf 

- 3 T - T 
,+ 1 fl,Nf       

£l,N£-»l| 
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For the air gap. one obtains: 

\\      *'    =f U.  +K.(Cf -CJlJi-IC^C, 
Ati La I     i i.Nf+l       *P    A«       °       fi.Nf+l 

K ,c< • v] 
(C-14) 

and: 

T         - T 
_m. *    - .        i-- r(U (T -T   ) + ü.(Tf -T   ) 

V 
+ T2-     Ce<T

e"
T»>-C£ (T£ "V As        L l l»N£+l       i,N£+l lJ 

+  -VZ.   C(T   -T   ) (C-I5) 
■ 1 

hr- (Tc - Tf      >+ 7T- [At        c       fi,N£+l      As 
+ ^•pklrlr-«t.-Tt -J + AT (T --T 

A« in Reference C>l,v.%t« 7 (eereft internal nbdea} *|1, 'at thiei i - 
point be ehoean. thu», if» finite! differenoe,equations for the skin oan be 
summarized as: 
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Node 1 

(cp) 

T -T 
8i+l,l        si, 1 
 Tit:  = k s. rr 2 i   3o_ 

[T - 3T + 2T (C-16) 
8.    0 8.    . 8,    ^ * i,2 i,l i, o_ 

Nodes 2 and 3 (j = 2,3) 

( cp) Vl'J  !iil LJ*     T -2T +T + Q«    (C-17) 

where Q1 = E for ATß > 0 
i 

= E - a     ATn   + a      AT- * for -1.8°F<  ATT    <0 
rri|      o.        m0      is. *>, ■— 1 l 2 l l 

= E+ 1. 77214 x 10"2 - O       (1.8 +   ATÄ ) for AT-  < -1.8°F. m3 B. B. 

Nodes 4, 5, and 6 (j = 4, 5,  6) 

1Ts   " TS 1 ks r 1 VlAi %j 8?ki+r
2T.H

+T.nl
+a(c" i J        6g     L    i,j+l i,j i,J-lj 

18) 

Node 7 

(cP), 

- T 
8i+l,7        si,7 

AT7 

8. 
1 T - T + Q. (C-19) 
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Node 8 

T = T + i   (T - T ). (C-20) 
8i+l,8        8i+l,7     ö       8i+l,7        8i+l,6 

Several of the auxiliary functions appearing in the preceding equations 

are listed below. 
dkf 

As shown in Appendix B, the functions a,  JD,  M, kf, and -rrr- are 

functions of the local relative humidity (r) and temperature (T).    With 

T-      known, one may determine C and thus evaluate r.   . = 
fi.j 8ati,j 1,J 

C_.   ,/C ,    The five functions listed above can then be evaluated for ft.J    lat-j 

each fabric node and inserted in the appropriate places in the finite dif- 

ference equations. 

The moisture available for evaporation can be expressed as: 

m = m + (S.   , - m        ) At.   . (C-21) avai. avai.   .       * l-l s.   /     l-l * ' 
i    • l-l l-l 

Since all quantities appearing in this relation were computed in the last 

time interval, one can calculate m       .   and then determine m     from: avai. s. 

m     = K    (C     -C   )   whenm >0 (C-22) si       s      si       a/ ava^ * ' 

r 1 
= min   S.  K    (C     - C   )    when m       . s 0. I  i,    s *   s.        a.' avai.   • 

Using a trapezoidal integral approximation, the average body tempera- 
ture is given by: 

. °s [l  T T„   »T2    4T +TT +T +T +T -KT +T 
B,        L_  | 4        8, 4 8.   . 8.    , 8.    , 8.     . 8.    e 8.    / o 1,1 i,2 1,3 i,4        1,5 1,6 

(C-23) 

!T    4*   1 4     »i.7     4      »i,8J 
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and ATß   by: 

AT«   = Tn   - 96.35 (°F), (C-24) B.        B. 

Thus,  S, is given by: 

S. = min [s   + a AT„   +  X  AT    4; 60 S    for AT«   > 0   (C-25) 
l [  o        8       B. s      B. oj B^ 

= S   for AT      < 0. 
o B. 

The time rate of change of body temperature may be evaluated from: 

[Ar  M.L.  ■"   '—L <=-"> 
where AQ ..   = 0 for AT      > 0 (C-27) 

8hl. B. 
1 1 

= -a      AT-   +a      AT    2 for -1.8°F < Ttt   <0 
ml      Bi       m2      Bi Bi 

= 1.77214 x 10~2 - a       (1.8+  AT    ) for  AT« <  -1.8°F. m3 B. B. 

UTB\ 
With |-qr—I     known, one can determine k     from: 

v\['*v*vrMJ for  ATB    >0 
i 

(C-28) 

= k      11 + <*„ AT      + T Uj-S)       for  AT_   < 0 2      Bi dt      il Bi" 
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subject to the condition: 

0.56 k     < k     < 1.7 k    , 
S      —     S.   —' 8 
OX o 

(C-. 

Thus, one sees that the value of the local temperature and vapor 

concentration at the interior fabric nodes and air gap, as well as the 

temperature distribution at the interior skin nodes, at a time t.,  can 

be determined if the temperature and concentration distribution are 

known at the preceding time increment.    The new temperature and 

concentration values at the surface nodes can then be determined by 

using the surface boundary conditions. 

The boundary condition at the fabric outer surface (Node 0) can be 

expressed in finite difference form as: 

"f. 

«5L f9Cf        -cf       1+KC 

i+1,0 Ko + "3cTT 

(C-30) 

and: 

f. 

9T 

i+l,o 

f. - T 
i+1, A 

f. i+1,2 
36 f 

U  T 
O   oo 

f. 

8 
"36 

IT 
i+Ko 

f 7. i+l,o 

(C-31) 

All quantities appearing on the right side of the first equation have 

been evaluated and therefore,  Cf is known.    The solution of the 
l+l,o 

second equation for T- is not as easy since kf depends upon 
i+l,o i+l,o 

Tf .    Thus, an iteration process is required and has been incor- 
l+l ,o 

porated within the computer program. 
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Similarly, the boundary condition at the fabric inner surface 

(Node Nf + 1) provides the following relations: 

'f. i+l,Nf+l 

IT f9Cf " Cf 1 + KlCa 3öf   j     fi+l,N£ i+l,Nf-l]        l   ai+l 
: sab +K  

TT  +K1 

(C-32) 

and: 
'9T - T 

£i+l,Nf       
fi+i,Nf-l 

35 
f 

U.T 
1   a. i+1 

.   i+i»Nf+l 
Li+l,Nf+l 

36£      C 
i+l,Nf+l 

(CS3) 

and a similar iteration process is required to determine Tf 
i+l,N£+l 

The boundary condition at the skin outer surface can be expressed 

as: 
T + 3T 

i+l,2 
3F 

1+1,1 k + U T -Xm (C34) 
8i+l        8   ai+l s. 

i+1 
}i+l,o 4k 

U   + 
3i+l 

s       30 

s. (as well as the known values of Since k depends upon T 
8i+l "i+l,o 

T ; j = 1 - 8) and m depends upon T (through the depen- 
8i+l,j 8i+i 8i+l,o 

dence of Cgat upon T), we see once again that an iteration process is 

required to evaluate T s. i+l,o 
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The coefficients A.  - A4 and B.  - B, depend upon the various values of 

Tf  and Cf   at the preceding time increment«    One may solve these two 
j j 

equations to obtain: 

<AlVA2B2> 
rcf   -cf " 

-U.J 
+ A4B1 

a2cf 

».J 

+ A2B3 

+ A2B5 

ÖT, 

dx J*»J 
+ A2B4 

a2x 

. dx  J1» J 

ax 
J1-J 

ac. 
öx 

JI»J 
-A2B6 

dT f 
ax 

2 

(A) 

and: 

(AlBl-A2B2) 
rxf   ■ xf 

. LtU iti  = A B [        At.       J    AiD; 
ÖT, 

dx 
a2T. 

+ A1B4. i,j Ldx   Ji.j 

+ A. Bc I ^ — , 
1   5|äx|iijL 

dC, 1   -*,•.[*? i 6   ax       . (B) 

+ A3B2 \-T^\ + AxB< 
•Vc f 

x Ji»j 

We shall only consider the first equation here since the same process is 

used for the second relation.    If one introduces the finite difference forms 

into the right side of the equation and regroups terms, the following ex- 
pression is obtained: 
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^rWi^1 = 
A

1B1    A2B2 
At. -  0 Cf      + 0.     (C-37) 

i.j 

0 represents all coefficients of Cf      which appeared on the right 
i.j 

side of Equation (A) while 0 represents the balance of the terms (not 

containing a factor Cf     ).    The stability criteria for Equation (A) is 
l»J C-l 

found by requiring the coefficient of C.      to be positive. Thus, one 

finds *»J 

A1B1"A2B2 
At. - 0 > 0 

or: 

At* <  ABAS     • x     AlBrA2B2 
(C-38) 

We define the maximum allowable time increment for the j     node con- 

centration equation as: 

At c.     = (A.B. -X,B0). 
i.j 1   1       2   2'i,j 

(C-39) 

where the subscript c indicates the concentration equation evaluated at 

t. and at the j     node.    One may then write: 

(C-40) 

Similarly, from Equation (B),  one may calculate a At—.   . with the 
*i»J 

condition: 
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At.<AtTisj. (C-41) 

Repeating this process for each interior fabric node, various values for 

At '      andAtrt,       (T refers to the temperature equation) may be determined. 

a. 
l 

Using the same approach, one may also determine values of At 

and AtT     from the air gap equations for concentration (C) and tempera- 
a. 

l 
ture (T), respectively.    Analysis of the interior skin node equations for 

stability indicates that, for all reasonable systems, the minimum allowa- 

ble time increment in the skin is at least a hundred times larger than 

that determined for the fabric and air gap. 

Since At. must be chosen such that it is less than each of the two com- 
i 

puted At's at each node, the stability criteria for the entire fabric-air 

gap-skin system can be satisfied by choosing ^ t^ such thatt 

At. < minimum 
1     J = l-Nf 

all positive (Atc      , AtT     , Atc    ,   AtT    ) 
ifj i»j *. a- . l.l 

(C-42) 

The various critical values of the At's are tabulated below: 

for j = 1 

At c. 
i.l 

gx (i.D 

2      2 f       5 

VT< -4T,     + 5T,     J Lf. i.2 

38 
•i.o 
-7— 

XI 
(C-43) 

g4 (i. 1) 

At T. 
i,l 

gx (M) 

g5(i. l)- 5-  g6 (i,l) - 

urf—rrc^—TTXT{—j  
-^ k* ^- g7 (i. 1)      (C-44) 

(3Tf       + 2 Tf      - 8 Tf     ) 
i, 1 i, 2 i, o        /•   , \ 

-— i-2 '—g8U»i) 
30 

f 
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for j = 2,3, Nf-1 

At 
c.   . 

ö
f      g} (i.j) 

g? U.j) 
(C-45) 

At (C-46) 

for j = Nf 

gx U.Nf) 

l'    f 
-^rg2(i.Nf)+±  g3(i,N{)+. 

(C-47) 

f    ^ n; r 
i,Nf+l *i,Nf        i,Nf-l 

 57  g4U.Nf) 

At T. i.N, —wr, -TSC- rz- j  
A , i,Nf+l        'i,Nf     'i.N.-l 
fr g5 (i.N£>+^. g6(i.Nf) + £ -p-i L_ g7(i,Nf) 

(C-48) 

(3T         -2T              -8T              ) 
i,N£         i,Nf-l         i,Nf+l 
 —2 g8 (i, Nf) 

and for the air gap: 

At 

% V2 
Kl + Ks + 7T- 

S 

when m     is given by K  (C    - C    )      (C-49) 
8. 8       8. c. 

a 
T 

Kl+X~ s 

when m     is given by S. s. 1 
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(CD C», + Cp.,_ W L; 
At, 

"o   "a.       p - Kv     l       rair a 
(C-50) 

a. V   + V, V2 1 ui+u.+-V-v-+ c_  C, •*tV^T\> 
The various functions (g's) are given by: 

g 

g2(i.j) = D|i^L]pn[cf. + ctM.   . +X«>.   .] 

•3^> -5^-   (^)'«[C« + CtMl.j+X\j] 

• *v    i,j       rair 

g8(i.»«-ty   > + 

(C-51) 

(C-52) 

(C-53) 

(C-54) 

(C-55) 

(C-56) 

(C-57) 

(C-58) 
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3.    Estimation of At. 

By examining the various relations for the At's for the fabric, it is 

found, through an order of magnitude analysis, that the dorr* mating 

term   in the denominator for At        and At is the term containing 
Ci.N, 1,1 l.Hf 

g2.   Similarly, it is found, f">v *vtT      and A t^      , tho dominating 
^  i,l i,Nf 

term to be g§.   Thus, the following approbation aajr be Mde: 

At 
Ci.j "T g2U»J) 

Atn -!L 
Li.j 

Bl(i.J) 

1 and (C-59) 

At. 
Ci.j 

At T. 
i.j 

i?0 

gjU.J) 

► i j = 2,3, Nf-1  (C-60) 

Comparing the first two equations with the last two, it can be seen that 

the minimum allowable time increment (for most practical fabric sys- 

tems) is determined by fabric nodes 1 or N-.    Using the cotton fabric 
parameters listed in Appendix B, Figure C-2 has be i prepared.    This 

figure shows the variation of -r g. /g» and -r g,/gc with r, considering 
the fabric porosity and temperature as parameters.    The ratio gi/ge 
was found to vary only slightly with temperature anc» therefore, only a 

single curve is shown for each a which approximates the function for 

both T a 60 and T * 100T. 
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It it noted that, in some cases, the curves for At        and AtT 

intersect one another.   The value of r at which this occur« '«ill be denoted 
with the symbol r    ..   Comparing curves 1 and 2 {geometric porosity * 

0. 5, temperature a 60*F), it is noted that an intersection does not occur, 

Sine« a xalue of* t^ which. lieaibelov eaoa of these curve« oust bo selected, 

it is obvious that selecting At. less then AtT      (curve 2) satisfies this 

condition.    This indicates that for low temperatures and high fabric den- 

sities (low porosity), the temperature stability condition is the domin- 

ating one.   Keeping a at 0. 5 and increasing the temperature shifts the 

concentration stability curve downward (to curve 3) but produces little 

change in the temperature stability curve (curve 2).   For this increased 

temperature level (100*F), it oaabe seen that the two curve« intersect at 
approximately r    . = 0. 22.    At. must be chosen such that At. < i \n *rF s   en l i 
|At       ; At_     I.    This condition i- satisfied by selecting the follow.ng 
[%i     TiJJ 
set of relations: 

At{< AtT     for r < 0.22 

At. < At        for r > 0. 22. i        c 

Thus, for a = o. 5 at T = 100'F, it is noted that the teapermtwe «tability 
criteria is the limiting factor for r < 0.22 while the concentration stabil- 

ity criteria is the limiting factor for r > 0. 22. 

A similar reasoning process for a ■ 0. 9 (curves 4, 5, and 6) can 

be utilised.   The following behavior may be inferred from Figure C-2: 

11     The critical value of r decreases as the temperature 
level increases. 

2) For r < r    ,, the temperature stability criteria is the 
limiting factor for the selection of At.. 

3) For r >*cri» the concentration stability criteria is the 
sic limiting factor for the selection of At.. 
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I Program 

A computer program ha« been prepared for solution of the finite 

difference equation! presented previously.    Program HANDM (Heat and 

Mate Transfer) was written in AUTOMATH 1800 language for the 

Honeywell H-1880 compwtei system.    AUTOMATH 1800 language is al- 

most identical to the standard FORTRAN.      With a few minor changes 

in certain library function*« the program can be made compatible with 

other CflSBpsjter systems, I.e. , Control Data computers, models 1604 

and above.   At the pre see* time, it is estimated that each time incre- 

ment requires approximately 12 seconds of computer time on the H-1800 

or CDC 1404 computers. 

A floor diagram for the present program HANDM is shown in 

Figure C-3. 

5.    flssnol* Calculation 

A sample e*A«relation has boon made, using the Honeywell 1800 com- 

puter, to tost tfco computer program presented in the preceding section. 

The fabric was divided into four sections and an initial linear tempera- 

ture distribution was assumed (Tf   ■ 85*F, Tf   = 86*F).    The initial 
° 5 -3 3 vapor concentration is assumed constant at 0. 6759 x 10     lb/ft .    The 

ambient air temperature amounts to 75 *F. 

The easnpenature distribution within too skin was assumed to be basal 

and steady ***** with Ä    ■ 0 initially.    At t = 0, the subject starts ex- 
3 ercising at a omen E • 0. 7038 Btu/ft   sec.    Other parameters which were 

selected are tabulated bole»'. 

K§   *   8.22917 ft/sec 

U§   =   0.0040417 Btu/ft2 s*c *F 

yx - i2 . o 

Lft   e   f, 8104 ft 
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D   =   0.0002222 ft2/sec 

K     =   0.0561 ft/sec o 

Kj   -   0.22917 ft/sec 

U     =   9. 8889 x 10"4 Btu/ft2 sec °F o 

Uj   =   4.0417 x 10"3 Btu/ft2 sec    F 

Lf   =   0.00141 ft 

O  =   0,875. 

The variation of temperature with time at each fabric node is pre- 

sented in Figure C-4 and that of the air gap and surface skin node in 

Figure C-5.    The temperature at the remaining skin nodes did not 

change during this limited computer run because of the extremely 

large values of 5   compared with of. 

It is noted from these figures that the 1   rge values of the transfer 

coefficients (reflecting the effects of air movement caused by exer- 

cising) causes an initial rapid loss of heat at the fabric and skin outer 

surfaces as well as a gain of heat at the fabric inner surface.    The 

manner in which these temperature changes propagate into the fabric 
interior as time progresses is also noted. 

It appears at present, from this very limited study, that the com- 

puter program is  satisfactory and   can now be utilized in a systematic 

parameter study, the parametric values being supplied by the experi- 

mental phase of this project. 
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APPENDIX D 

INTEGRAL ANALYSIS OF THE THERMAL AND 
WATER VAPOR BOUNDARY LAYER GROWTH 
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NOMENCLATURE 

Symbol Definition and Dimension 

A area (ft2) 

C vapor concentration (lb/ft ) 

c specific heat at constant pressure (Btu/lb *F) 
2 D diffusion coefficient (ft /hr) 

f,g functions 

I integral 

k thermal conductivity (Btu/ft hr *F) 

k local mas8 transfer coefficient 
|dC\ 

-SPIS?     (ft/hr, 

K average mass transfer coefficient 
»a 

■  (C   ■ C ) A    (ft/hr> s        a 

L channel height (or air gap spacing)   (ft) a 

M total rate of water loss from the surface of a plate 
8 of area A (lb/hr) 

**co Pr Prandtl number   =   -r-£ 

q heat flux (Btu/ft2 hr) 

Q total heat loss per unit time from the surface of a plate 
of area A (Btu/hr) 

PV L II 
Re Reynolds number   = — 
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*ma*^mmm 

Symbol Definition and Dimension 

Sc Schmidt number =  v/D 

T temperature (°F) 

u local heat transfer coefficient s 

k'
dT» dT 

, Wm fr=°     (Btu/ft2 hr -F) 
a        s 

U average heat transfer coefficient 

■   if   ?T i A    (Btu/ft2 hr T) 
1   s        a' 

v local velocity (ft/hr) 

V maximum velocity (ft/hr) 

x downstream coordinate (ft) 

x dimensionless downstream coordinate = 

y vertical coordinate (ft) 

a thermal diffusivity = ^-    (ft? 'hr) 
CP 

ß dimensionless boundary layer thickness = ■■—r*- 
a 

B boundary layer thickness (ft) 

r\ dimensionless vertical coordinate = —^ 

x 
irnr 

T7JT 
a 

u viscosity (lb/hr ft) 
2 

v kinematic viscosity (ft  /hr) 
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Symbol Definition and Dimension 

5 dimensionless vertical coordi: 

P density (lb/ft3) 

Subscripts 

a air gap 

8 simulant surface 

t the rmal 

V vapor 
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INTEGRAL ANALYSIS OF THE THERMAL AND 
WATER VAPOR BOUNDARY LAYER GROWTH 

The integral thermal boundary layer equation, as presented in 

Reference D-l (p.   169, Equation 7-2), can be expressed as: 

A- 
d 
/    (Ta-T)vdy=Q(£)y=( 

3£    I \^   "    M   v  ay -a I^TTl (I>-1) 

In a manner analogous to the one utilized to develop Equation 

(D-l), it way ue snuwr* unat uhe vapor boundary layer aquation can be 

written as: 

(Ca-C)vdy=D^ (D-2) 

where: 

C     =   ambient (free stream) vapor density (or concentration) a 

C   =   local vapor density 

D   =   diffusion coefficient. 

Comparing Equations (D-l) and (D-2), it is - noted that they are 

identical inform to one another.     Therefore, t only Equation (D-l) Will 

be analysed with the understanding thatdtbe results of. the anaiysia 

may be extended to Equation (D-2) easily. 

As in other integral boundary layer approximations, '    "    it 

will be assumed that the temperature distribution is universal and can be 
expressed as: 
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B&sm-~zr7"7—~,~ '  ■■'■  

Ta " T 

r-nr = l - gt {tt] 
a        s 

where: 

T     =   skin surface temperature s 

and the function g   (£ ) satisfies the conditions that: 

gt(0)   =   0;   gt(l)   =   1 

These conditions imply that: 

at it = 0 (y=0). T = Tg 

at ^ = 1 (y=5t),  T = Ta 

(D-3) 

(D-4) 

(D-5) 

Differentiation of (D-3) yields: 

m y=0 a v [w -3sr\ 
(T    - T ) a        s' 

F—="    6't<°) 

(D-6) 

where      g't{0)   =     3 
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Introducing   (D-3),  (D-4) and (D-6) into (D-l) and assuming the surface 

and free stream temperatures remain constant in the downstream 

direction, one obtains: 

1 

£  /   [l - gt(£t)]  v 5td£t   .   f.    g.t(0) (D-7J 

We next assume the velocity distribution is universal and can be 

expressed as: 

V   =   '(I) (D-8) 

where 

1 = & 

L     a   channel height 

The function f(ij) is assumed to satisfy the relations: 

f(0)   =   0;     f(l)   =   1 

The second relation implies that the maximum velocity occurs on the 

channel centerline and equals V. 

From the definitions of V and TJ, one notes that: 

5t a 

\ 
Defining ß   - .    .^    (dimensionless thermal boundary layer thickness) 

a 

one may write 

1 = ßt£t (D-9) 

- 224 - 



Introducing relations (D-8) and (D-9) into (D-7)f it is founds 

allvet fb-*&]<&& A ■ 
cg't(0)      i 

(La/2)T  *7 
(D-10) 

Assuming that the flow Is not accelerated,  (V = constant),  it can be 

rewritten (t:-10) in the form: 

_d 

dx i M ■ 
og't(0)      , 

where 

x   = X 

(D-ll) 

It0t)  - J  [l - gt6t>] £ «&> < 

The local heat transfer coefficient is defined by the relation: 

q   =-u    (T    - T ) = - k 1^1 8      a        8' F/y=0 

or 

..ft± s T    . T a        s 

Introducing relations (D-6) yields 

u 
kg't(0) 

(D-12) 
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In dimensionless form,  this becomes: 

u  L/2 g'.(0) 
V -   -£— (D-13) 

The dimensionless grouping on the left side of this relation is recognized 

to be the local Nusselt number based on the half channel height. 

The average heat transfer coefficient over a length x of the plate 

can be expressed as: 

x 

U      =   i  /   u   dx 
S X    I 8 

or 

U   L II        .     r  u   L II 
8
k

a        = 3   /     -S-jS—   dx {B™ 141 

! Producing (D-13) gives: 

-V_ , o_j <. ID.l51 

g't(0) 
Solving Equation (D-11) for —>—   and substituting into the above 

t 
relation yields: 
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U   L  /2 VL/2 ... M ^^ 

x =0 
(D-16) 

VL /2 

ax - Vt«V 

Equation (E-ll) m,\y be rearranged and solved for x to obtain: 

ß. 

V T?n = jm 1 ßtAtßtIt<ßt)H        (D- a l      ßt=o * 
17) 

which, when substituted into (D-16) gives: 

U   L /2 g'(0)PI(ß) 
-LjS    =      _p-J LLJ  (D-18) 

/ &t a^kwHt 
VLa/2 

The grouping —g     appearing on the left side of (D-17) can be written 

as: 

VLB/2 pVlW2       pVL/2 pVL  /2 

P 

a     _ a       _ a u    -    JL  M- 
7S -   —p5 u pa u 

CPP 

PVL /2 tic 
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Since: 

PVL  II 
= Re = 

half height and centerline velocity 
-—    = Re = Reynolds number based on the channel 

MC 
—JL    - pr :   Prandtl number. 

It may be written: 

VL II 
a =RePr (D-19) a 

The relation between the dimensionless thermal boundary layer 

thickness ( 

written as: 

thickness ( ß) and dimensionless downstream location (x) can now be 

p
t 

irfr J't^fcW] KTFF 
=
 im    ptaf \\W]*h (D-20) 

0 

The local and average heat transfer coefficients are then given by: 

u   L/2 g'<0) 

-JLTT- ■ "V (D"21) 

and 

UsLa/2 g't(0)PtIt(Pt) 

S \ wt [*tW]d\ 

(D- .2) 
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A similar treatment for the vapor boundary layer leads to the following 
equations: 

ß.. 

x 
ET3c c = jyof >v dS-Kwl^v <D-"> 

k   L/2        g'(0) 
& =-?- (D-24) 

K
aV

2 8' (0)6,1   (6.) 
-*-*- Bv      "wx  (D-25) T5 5 

/ft a^[Mv<V] dß 
V 

whe re 

K - a 
^ J2   - dimensionless vapor boundary layer thickness 

.<£.> = i - "a 
c  - c 

<MV = ' -c -c a        s 

?v=f v 

1 

V£v>   ■   f I1 - ly^l'^v^ < 

- 229 - 



D 

k     =   local mass transfer coefficient = 

dC 

»4G ^o 
^ s 

K     =   average mass transfer coefficient = jm—   ~ yi 
s        a 

Comparing Equations (D-20) to (D-22) with (D-23) to (D-25), 

the siallar for« of the corresponding equations is noted» 

To obtain numerical results, the following fihetions were 

chosen: 

g£)   =  *C -S2 

{(ßC)1/? forßC  <  1 
> 1/7 > (2 - ßC)   '       for   1<   ßC<2 

The function selected for f(ß£) corresponds to a turbulent velocity 

profile.    This function has been chosen since experiments have indicated 

a fairly flat, turbulent type velocity profile exists. 

The integration of the pertinent equations is fairly straightforward 

but quite lengthy.    The results of this integration are presented below 

and tabulated in Table D-l. 

for ß < 1 

P 

^gr   J ß ^ [ßl(ß)]dß   =   0.06929ß 
15/7 
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for 1< P < 2 

ß 

g^jy h ^ [«<«] dP   =   0. 06929+ J  lnß 

8/7l 
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or 
ß 

v 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.9 

2.0 

Table D-l. 

RESULTS OF INTEGRATION 

u   L /2 
s    a 

U   L /2 
s   a 

(RePr)*1 x 
or 

(ReScf1 x 

k     " 
or 

k   L /2 
s    a 

b    " 

k    " 
or 

K   L /2 s    a 
D 

0 00 00 

0.00050 20. 000 37.500 

0.00220 10.000 18.750 

0.00523 6.666 12.500 

0.00970 5.000 9.375 

0.01569 4.000 7.500 

0.02318 3.333 6.250 

0.03222 2.857 5.360 

0.04295 2. 500 4.690 

0.05528 2.222 4.166 

0.06929 2.000 3.750 

0.08517 1.818 3.402 

0.10248 1.666 3. 123 

0. 12217 1.538 2.870 

0.14213 1.429 2.683 

0. 16534 1.333 2.494 

0.18939 1.250 2.341 

0.21386 1. 176 2.219 

0.24253 1. Ill 2.085 

0.27088 1.053 1.981 

0.29875 1.000 1.899 
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m i s ffltJiÄJMimuk, 

NOMENCLATURE 

Symbol 

A 

a 

B 

c 
P 

D 

E 

e 

H 

h 

I 

Kn 

k 

I 

M 

Nu 

Pr 

R 

Definition 

surface area of hot-wire or hot-wire constant 
(ordinate intercept) 

local sound speed, length/tins 

hot-wire constant (slope) 

specific heat of air, heat/mass/temperature 

diameter of hot-wire, length 

voltage, volts 

RMS voltage, volts 

total rate of heat loss from hot-wire, heat/time 

heat transfer coefficient, .im^length /time/temperature 

current, amps 

Knudsen number, 

thermal conductivity of air, heatA«ngth/time/t«mperature 

length of hot-wire 

X 
IT" 

w 

Mach number, — 
a 

h D 
Nusselt number, w 

C   u 
Prandtl number,   —£— 

resistance,  ohas 
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:--si.' ^ »?S5BPP«er- 

Symbol Definition 

U D    P w Re Reynolds number,   

T temperature, °P 

U stream velocity (mean), length/time 

u fluctuating velocity, length/time 

a linear temperature resistance coefficient of hot-wire 
T 

H temperature recovery ratio, «A 
t 

X mean free path, length 

u viscosity of air, nassAength/tiae 

p density of air, mass/length^ 
T    - T\ w        t T temperature ratio, —m 

t 

Subscripts 

b hot-wire bridge value 

e recovery temperature of unheated hot-wire 

m uncorrected value 

0 reference temperature (32 F) 

t total temperature 

w hot-wire 

1 AC»*ricted constant 

Superscripts 

n hot-wire constant (Reynolds number exponent) 

1 restricted constant 
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MEAN AND FLUCTUATING VELOCITY 
HOT-WIRE EQUATIONS 

1.     General 

In recent years new interest has been shown in using hot-wire 

anemometry techniques to measure mean and fluctuating flow quantities. 

Wider application of this technique has resulted from the improvement 

of circuit designs and the development of film probes.    The use of the 

hot-wire anemometer to measure boundary layer velocity profiles 

offers several advantages over the more common method of total head 

probings: its small size allows measurements to be made closer to 

the wall, with better spatial resolution; it retains high sensitivity at 

low velocities; and most importantly it enables one to measure velocity 

fluctuations over wide frequency bands.    Good results can be reasonably 

expected when the hot-wire anemometer is used to measure mean and 

fluctuating velocities at constant and near-ambient stream densities-- 

provided a proper calibration has been performed.    Success is even 

more readily attainable if the random velocity fluctuations are small in 

comparison to the mean velocity.    Under low-density conditions and at 

near-zero mean velocities, the ability of the constant-temperature hot- 

wire anemometer to respond reliably and accurately to rapidly fluctuating 

velocities decreases. 

Changes in the variables characterizing the thermodynamic and kine- 

matic state of a fluid flow can be sensed by a hot-wire anememeter.    An 

understanding of the nature of the perturbation and an adequate knowledge 

of the heat-transfer processes involved are necessary for correct inter- 

pretation of the signals received. 
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In compressible flow, the convective heat transfer to a hot-wire is 

affected by changes in mass flow and stagnation temperature.    Both these 

variables respond in turn to three distinctly different disturbance fields, 

as indicated by first-order perturbation theory for the flow of a compres- 

sible, viscous, heat-conducting gas.    Each of these perturbation com- 

ponents obeys independent diffeiential equations.    Except for some special 

types of flow, these disturbance fields are composed of a vorticity mode, 

an entropy mode, and a sound-wave mode.    For small-intensity distur- 

bances, these modes are independent and separable; however,  as the 

intensity increases, they interact with each other and must be treated as 

a composite disturbance.    By analyzing the hot-wire fluctuation diagram, 
E -1 Kovasznay        was able to determine the presence of coexisting i -odes 

under certain restrictive conditions. 

E-2 Morkovin and Phinney showed that the hot-wire probe is much 

more sensitive to the vorticity and entropy modes than to the sound-wave 

mode.    Shear layer measurements indicated that sound intensities as high 

as 120 decibels caused negligible variations in density, velocity, and total 

temperature compared to the variations associated with the vorticity and 

entropy modes. 

When one is interested in analyzing the performance of a hot-wire probe 

from the standpoint of heat transfer,  end-loss corrections to the Nusselt 

number values must be made.    This necessity arises from the construction 

of hot-wire probes, which requires the attachment of a fine sensing wire 

to relatively massive end supports by soldering or welding techniques. 

In continuum flow it is usually assumed that the supports are at the wire 

recovery temperature.    For a heated wire,  this implies a continuously 
E-3 decreasing temperature from the center to the supports. 
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The first theoretical treatment of end losses was apparently given 
E-4 by King, who assumed that the heat loss depends linearly on the 

temperature difference and that the supports are not heated by conduction 

from the wire.    A nonlinear theory has been more recently developed by 
E-5 Betchov, and additional results have been reported by Winovich and 

Stine. ^        It seems to be the present consensus that the various un- 

certainties inherent in hot-wire measurements make it unnecessary to 

apply the more elaborate theory of Betchov»    Most workers in the field 
E-7 follow the method °r King as modified by Kovasznay and Kovasznay 

E-8 and Tormark. 

It is important to appreciate that the uncertainties of these correct   is 

are large enough to make individual probe calibration mandatory for 

accurate measurements. 

2.      Steady Flow 

E-4 The foundation work in probe calibration was performed by King. 

This work has been continued by ASD in the investigations reported in 

References E-9 and E-10 and by the authors cited in References E-ll 

through E-18.    These findings affirm the general relation for heat loss: 

Nu   =   Nu(M,  Re,  Pr,  Kn,  T,   */D   ), (E-l) 
w 

A useful explicit form of Equation (E-l) is 

n 
Nu   =   A •+ B- Re   , (E-2) 

in which A r.nd B arc nominal constants and are functions to some extent 

of the other parameters in Equation (E-l).    In practice,  the values of A, 

B,  and n are empirically determined by calibrating individual probes 
E-4 under proper flow conditions.    Following King, the value n = 1/2 is 

commonly used.    Subsequent work has show", however,  that n is not 
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E -19 
strictly constant.    For example,   Collis and Williams      *"    found the 

following values of n: 

0. 02 < Re < 44 44 < Re < 140 

n 0.45 0. 51 

A 0.24 0.00 

B 0.56 0.48 

E- 11 McAdams   "      has summarized heat transfer data on circular 
5 

cylinders for the range,   0. 1 < Re < 2. 5 x 10  .    For the smaller range, 
3 

0. 1  < Re < 10   ,  the data are well represented by 

Nu   =   0. 32 + 0.43 Re°'52. (E-3) 

These variations in n are not significant for most work using cali- 

brated probes.    Accordingly,  the common practice is to write Equation 

(E- 2) in the xorm, 

Nu       =   A + B-Re1/2, (E-4) m 

where Nu     is the Nusselt number based on uncorrected measured values m 
of heat loss from the v/ire.    By using the given definitions for the Nusselt 

2 number and the heat transfer coefficient and noting that H = I R   , 

I2R 
NV  " «ek^CTJ ' <E-5> 

where k   is the thermal conductivity of air evaluated at the stagnation 

temperature. 
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By using only the linear temperature coefficient of resistance a, 

R      =   R     fl +  a(T     - T )1 (E-6a) 
w o   L w o J 

Re    =   Ro   [l + a(Te - To)]; (E-6b) 

R    is the wire resistance at the reference temoerature T   , which is 
o o 

commonly chosen to be 32°F»   From the las        J equations, 

R     - R     =   QR    (T     - T  ) 
w        e o      w        e 

or 

R     - R 
T     - T     =   - w„p   e  . (E-7) w        e OCR ' 

c 

By substituting Equation (E-7) into Equation (E-5), 

aR      f   I2R 
Num  =  «IE    R—.TTl- <E~8) 

t   \   w        et 

By combining Equations (E-4) and (E-8), 

y JTtk       (R -    R 
,2~ t      w l"K.   =   -        /vft  —   (A+B.ReX/n (E-9) w OR 

Under constant-temperature operation of the hot wire,  R    is also constant. 

If,  in addition, the equilibrium and total temperatures are constant, 

Equation (E-9) gives 

I2   =   Aj + Bj-Re172;  . (E-10) 
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Since R     = a constant,  an alternative form is w 

E   2   =   A, + B,.Re1/2, (E-ll) w 2        2 

where E    is the voltage across the hot-wire.    In these equations the 

quantities A.,  B.,  A~,  B~ are constants when the flow conditions are 

suitably restricted.    The dependence of I   and E       upon the velocity U 

can be made explicit in regions of constant temperature and density, 

since Re        is proportional to U 

Then 

I2   =   Aj + Bj' U1/2 (E-lOa) 

and 

E   2   =   A, + B  » U1/2 . (E-lla) w 2 2 % ' 

Again, through calibration over appropriately limited ranges of the flow 

variables, the quantities A., B.\ A«, B-' are constants; and Equations 

(E-lOa) and (E-lla) relate measurable values of I and E     to U. 

It is sometimes convenient to write Equation (E-9) in the form, 

I2R 1/7 
R     _\       =   A« + B< (PV)U\ (E-12) 

w e 

which shows the dependence of the heat-loss parameter on mass flux 

(PU). 
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3.      Fluctuating Flow 

It is now dosirable to obtain an expression relating a moanurablo voltage 
to the fluctuating component of the velocity     Let us consider the flow 

' E -15 E -12 variables as U,   p, and T .    Following Baldwin and Boltz, 

Equation (£-5) & solved to obtain 

I 2       l*tkt 

w 
(T     - nT ) Nu    , (E-13) w       ■  t        m 

where the teaperoturd^recovery factor, ^ * 'Tj/T^'hai »been used*. • 

For brevity, !0s kt (Tw -7?Tt) to^ wUl.be) defined and .the differential 

wire current .will be written: 

*-ri^ [$«♦!?*♦ 87*TtJ-   <E-14> 
Constant-temperature operation implies that R    is a constant.    Then 

d(IR   ) = R    dl =e,  the voltage increment associated with the current w w ■ 
change dl.    By expanding the deviations in Equation (E-14) and taking 

the increments 5U « dU,   op w dp, and 5T   «d T , 

e = n([-ktNu
m
TtJü'kt^Num inr + kt <Tw - *Tt>-irr!6U + 

[ÖNu    1 

r äk ÖNu    i I 
[<Tw " lTt) Num   -^   - kt   r,Num + kt (Tw - ,Tt)   -g.»j    6T \ 
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If we assume that p and T   are constant, Equation (E-15) simplifies 

to 

IR 
e   = w 

- (1 + 
r-i   w2,  M a M r- i 0   dNu 2, m 

m 
^f. (E-16) 

where we have used the chain-rule relation, 

d    . dM     d       _   1   „   . r - 1    M2,    ä 
5TT •        <E-17> 

In using the data of Baldwin and Cybulski and Baldwin on 

versus M over a parametric range of 0. 1 $ K S 4. 7,  one finds that the 

two terms within the square brackets of Equation (E-16) are of such 

magnitudes that the first is only about two percent of the second.    If we 

retain only the larger term, we can write 

e   = 
IR    M w 
TW 

m 

,.   . r - 1    „2.   ÖNum   6U (E-18) 

It is of practical interest to put Equation (E-18) in a different form. 

:his end we substitute Nu     from Equation (E-8) 

by making use of Equation (E-17) and the relation, 

To this end we substitute Nu     from Equation (E-8) into Equation (E-18) 

d      _   °(PU) 
3TT    "   - 

1/2 

Ö(PU) 
T7T 

so that 

e   -   (pU) 
I2R 

OTP^ 
R 

w 

w     |5U 
(E-19) 
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In Equation (E-12) it is noted that B* ic the slope of the straight lino 

which represents I    R   /(R     - R  ) as a function of (  U)       .    That is, 
w       w 

TV   - 2 1 w 

Ö (pU) \   w        e 

which, when substituted into Equation (E-19),  gives 

,  ml/2 /Rw " Re I _,   5U 
e   =   (PU)        I—^    B»   ^p 

It will be more convenient to let u =  SU} where u is the fluctuating com- 

ponent of the total instantaneous velocity,  U = U + u.    By taking root- 

mean-square values (denoted by a superscript prime), 

e-   =   (PU)1/2|Rw
4j

Re| B'  £. (E-20) 

It has been «sswned thatfc, is a constant, Jübplying that Re is also a 

constant.    Since u'/U (%) is a physical quantity of interest, 

Equation (K-20) gives 

-JY-    =    r-r*    e' (%). (E-21) 
U (pU)1/£ B' (R     - R ) w        e 

In the constant-temperature anemometer,  the output signal E, 

is taken from a bridge circuit; this circuit is kept in balance (i. e. , R 

is held constant) by a feedback circuit which varies the bridge current 

1, .    A schematic of the bridge is shown in Figure E-l.    The voltages 

E,   and E     consist of constant time-average values and the smaller b w ° 
fluctuating components e,   and e,   respectively.    The relation between 

e,   and e can be obtained from the condition, 
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Figure E-l.    Hot-Wire Bridge Circuit 

- 246 - 



1 <Rc + Rw' = (Ib - 1] (Ra + Rb> = Eb' 

from which 

fR    + R 

or 

fR   + R 

For the fluctuating components only, 

R    - R J    c        w . 
e   1 R- j    -     eb, 

from which 

e' = IK-TTT-I eb*: (E-22) 
c        w 

e, ' is measured with a true rms meter. 

We will now make the assumption that the fluctuating values are 

much smaller than the mean values (e. g. ,  u'/TT« 1) to the extent that 

(ü+u')1/Z- (Ü)1/2(1+-Hl). 
2Ü 
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This means that I *T, U * U, and Eb*» E . The usual panel meter 

indicates mean values, making it more useful to have the equations 

in terms of mean quantities. 

By substituting e' of Equation (E-22) i  vo Equation (E-21), 

SL -   m   400T  L-TTT-I %' (%)-      (E"23) 
TT       (eU)l,i B- (Rw - Re) \Rc + M   b 

With the DISA anemometer the mean bridge voltage EV can be read 

from a panel meter.    The circuit is arranged so that the mean wire 

currentT and bridge voltage are proportional, being related by the 

equation 

2 1.082(E)2 

(TT   = 7 <E"24> 
(100 + Rw+Rt) 

where R*is the total cable and lead resistance of the probe.    When 

Equations (E-12) and (E-24) are combined, it can be written 

(Eb)2   =   A+B (pTT)1/2 (E-25) 

where 

A   = 
(Rw-Re)(100 + Rw^Rt)2 

1.082Rw 

(R     - R  ) (100 + R     + R.)2 

a   _        w e7    w        *'        «i 
B 1.082R B 

w 
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The* analysis leading to Equation (E-23) can be carried out starting 

with King's law in the form of Equation (E-25). 

B' (pTT) 
,1/2 

&/ " <*bo>2 (E-26) 

where 

<*bo>      =    Um<Eb> 
X-*oo U   =   0 

The corresponding form of Equation (E-23) is 

400 £, 

—2 —r eh {%) (E-27) 
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