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i)EFINITION OF SYMBOLS 

A = Total cross section1 area of test section, ft2. 

B = Heat of wetting of soil, btu/ft3. 

C = Velocity of fluid based on entire area, A, ft/hr. 

ç; p,C, mass flow rate of mixture, lb/ft2-hr. 

Ge mass flow rate of air, lb/ft2-hr, 

Gv =,oC, mass flow rate of vapor, lb/ft2-hr. 

K Thermal conductivity of porous medium, btu/ft-hr-°F. 

Ka = Mean effective thermal conductivity of porous bed, 

btu/ft-hr-°F, K0 particles Mean effective thermal 

conductivity of compacted bed of particles only. 

Ka pins = Mean effective thermal conductivity of 

metal pins embedded in the porous medium. 

L = Length of test bed in the direction of fluid flow, ft. 

M5 = Molecular weight of air. 

M Molecular weight of water. 

Pa = Pressure of the sir, psia. 

Pv = Pressure of the water vapor, paia. 

s = Specific surface area of porous bed, ft2/ft3. 

Pg = Temperature of the fluid stream, °F. 

a jS 

GaCpm 

b jS 

Xe 

Cpa Mean specific heat of air, btu/lb-°F. 



cpv = Menr pecifio heat of vapor, btu/lb-°F. 

m Mean specific he8t of ir nd water vapor mixture, 
btu/lb_OF. 

h = Enthalpy of water liquid, btu/'lb. 
h,. = Ñibhelpy of' t4ter vapor, btu/ib. 
hfg = Enthalpy of eoodaation of btu/lb. 
11r .nthalpy of air-water vapor iixturo, btu/lb. 
i = Convection heat trausfer coerficieut, btu/ft2_hr_0F. 

t5 = Tiiperature of porous medium, 0F. 

Uf = Interral energy of wber liquid, btu/lb. 
u = Internal energy of porous nedium and liquid, btu/lb. 
w =t_! specific humidity, lb/lb8. ,o 

= Condeostion rote por unit of time 

lb/ft 3-hr. 

'P_ = Moisture removal rete of a plant, lb/ft3-hr. 
x = Distance along the path of flow in porous bed, ft. 

=_c hrg ZW hfg 
GR Cpm L 

0 = Density of porous medium including condensate. 

1' = Density of oir. 
t)ensity of water as a liquid. 

,oy= Density of water vapor. 

,'= Density of air-water vapor mixture. 
e Time, tire. 



PRODUCTION OF UNIFORN 
CONDENSATION FROM SATURATED AIR 
FLOW IN COOLED POROUS MEDIA 

INTRODTJCT ION 

This is a study of heat nci xnas transfer from a 

saturated water vapor-air mixture flowing through a cooled 

porous medium to the particles of this medium. A method 

for predicting the conditions required fOL achieving 

uniform condensation in a given porous medium is developed, 

and experimental verification of the theory is presented. 

The primary purpose of the testing program is to 

develop methods which will deposit moisture uniformly 

throughout a porous bed fron a saturated water vapor-air 

mixture flowing through the bed. The secondary purpose 

of these tests is to investigate the possibility of 

increasing the uniform condensation rates within the 

porous medium by increasing the effective thermal 

conductivity of the bed. 

During the fluid flow through the porous bed, heat 

is transferred from the fluid to the particles of the bed 

because of a temperature difference between the fluid and 

the porous material. This heat is then transferred 

through these particles to a heot sink at the flow outlet 

end of the bed because of a temperature gradient in the 

bed. If the fluid stream contains saturated water vapor, 



sorno of this vapor will condense on the particles of the 

bed as it is cooled during its flow through the porous 

medium. It is assumed that aonio of this liquid may be 

adsorbed by the surface of these particles, if the material 

is hydroscopic, and the remaining moisture will be 

deposited as a liquid film around each particle in the 

bed (2, p. 3L..-L.3). 

A uniform condensation process requires that the 

liquid which is condensed be uniformly deposited throughout 
the porous medium. To produce this condition, a particular 

distribution of dewpoint temperatures and their corres- 

pondin saturation pressures must be maintained within the 

porous system so that an equal amount of liquid will be 

condensed from the saturated vapor-air stream at each 

point along its flow path. 

The governing conditions used in this study were 

chosen to correspond to the limitations imposed by the 

physiological choracteristics of several plants that 

might be grown in such a porous medium and irrigated with 

this uniform condensation process. These conditions 

include a maximum moisture content of 10 per cent by 

weight-dry, temperature limits of from 5O to 8S° F; and 

a condensation rate sufficient to supply a plantts needs 

of at least 2 grams per hour (Lt, p. Li-lO). 
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The first published work concerning the use of an 

air stream saturated with water vapor as a supply for a 

vapor irrigation process was the Ph.D thesis of John Wolfe 

(20, p. l-Lb). In his thesis, Wolfe tried to develop and 

maintain uniform moisture content of the soil in which a 

plant was growing. he moisture was added to the soil by 

condensing water from a cooled, saturated water vapor-air 

mixture flowing through the poi'e space ifl the soil. To 

cool the soil bed, Wolfe used five horizontal grills 

equally spaced along the flow path in a column of soil, 

L. inches dep by 3 inches square. fhe ir-witer vapor 

mixture was passed vertically up through the soil. In his 

analysis, Wolfe used a required teriperature distribution 

based on an overall linear pressure distribution and a 

constant rate of change of specific humidity with distance 

along the flow path. He assumed that a linear temperature 

distribution between ec1i ¿nu would be a satisfactory 

approxirntion to ths required temperatures for uniform 
condensation. Wolfe measured the moisture content at the 

end of a test by weighing samples of the soil. The best 

distribution of xuioisture content reported was from a 

maximum of 2.85 per cent to a minimwa of 1,63 per cent 

over the length of the soil column. Wolfe indicated that 

the main factors which affect the uniformity of the 

moisture distribution are the compaction of the soil, the 

fluctuations in the temperature of the grills and the 



air-vapor stream, and the moisture extraction pattern of 

tue plant. 

The porous materials used in the present study are: 

fine spherical glass beads; chromiwii powder; and a sandy 

soil of the same typo as was used by Wolfe. 

ahen (3, p. 1-51) used the equipment and procedure 

developed by Wolfe to irrigate a sunflower plant growing 

in a sandy soil. His experimental results indicated that 

the transpiration rate of this plant decreased with 

increasing soil moisture tension. The distribution of 

the moisture content for the soil bed at the end of the 

test ranged from 1.9 to L.3 per cent over the length of 

the bed. Chen did not consider that the moisture distri 

button achieved during his work was satisfactory for a 

condition of uniform moisture. 

A discussion of how moisture is removed by a plant 

and what the desirable conditions for this process should 

be are presented by Ghen in his study of moisture tension 

(3, p. l-t). 

The work of Shen (18), a general solution to the 

problem of saturated water vapor-air flow through porous 

media, is being prepared concurrently with this study. 
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THEOEETICAtL ANALYS IS 

The tystem to be analyzed consists of particulate 

matter compacted into a bed with condensed liquid and a 

mixture of air and saturated water vapor filling the pore 

spaces. The bed is contained within an insulated circular 

cylinder and is fixed in place at the flow inlet and 

outlet faces by fine mesh wire screens. In the analysis, 

the flow will be considered one dimensional in the direction 

of the cylindrical axis. The bed is assumed to have a 

uniform porosity and it is assumed that there Is no varia- 

tion in the properties of the fluid in a plane normal to 

the direction of the flow. The flow of the fluid through 

the pore volume of the bed will be assumed laminar 

(13, p. 6L.-65). 

The thermodynamics of the system may be stated in 

terms of the energy equation for a flow system. The 

fluids, air and water vapor, will be described by the 

equation of state of a perfect gas (12, p. 23-2Lt). 

For purposes of analysis a control volume will be 

considered which is composed of two parts within a 

parellelepiped of dimensions ¿x, y, ¿hz. The 

first part of the control volume will consist of the pore 

volume which contains the ar and water vapor. If the 

porosity, f, is defined as the ratio of the pore volume 



to the total volume of the system, then the volume of the 

gas-vapor part of the control volume will be fxyz. 
The second part of the control volume will consist of the 

solid particles and the condensed liquid, and will occupy 

a volume of (l-f)xyz. 
The principle of the conservation of mass, as applied 

to the gas in the control volume, requires that 

[o + (,o,,, C)+yxZ - Cy4xz + 
out in 

= - 8 ()xyzz 
8e ' control volume, 

Upon cancelling equal terms and dividing byxyiz 

this becomes 

(,i0p7C) + = - L ìm) (1) 

òx 3e 

where the term 4c represents the rate at which vapor is 

condensing per unit of volume, 

Since the flow is a mixture of air and water vapor, 

equation i can be written as 
L C +g C) + WC = _(fIo,?,). (2) 
òx 

If p C = G8 andC are substituted in equation 

2 nd a condition of steady flow with small fluctuations is 

considered, then the terms and 8C) will be 
e 

negligible, and - = v' 
dx 
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The theory of psychrometry defines the specific 
humidity, w, as the ratio of the density of the water 

vapor tc the density of the air in a given volume of the 

mixture. For an ideal gas, w may be stated in terms of 

the molecular weights and partial pressure of the gases 

in the ysteni (12, p. 371) as 

w = M P = 0.622 P 

p M p5 pa 

Using the above relations equation 3 becomes 

-Wc = (G9p)= G dw = 0.622G_d/P 
dx dx dx\P5/ (14) 

The production of uniform condensation requires that 

be a constant. Int&ration of equation over the 

dx 

length of flow, L, between the inlet and outlet yie1d, 

(-Wc = G(w1 - 

L 

The continuity equation foi' the solid-liquid part of 

the control volume involves only the transfer of the 

condensate. If the rate of water removal by a plant is 

'R LxL7Lz, the conservation of mass for the solid-liquid 

control volume requires that 

JRzxy4z - = -xy4z d (i-f)p 
de 

nd upon dividing byxzyzz is 

zfi-c=-d(l-f)p. (6) 

de 



An accounting of the energy transfer rates for the 

air-vapor pert of the control vo].urno of f!gi.re (1) is 

[G hrn + ..JG hm)xy4z + JS(Tg t8)Axyz + WChfLXLYIZ 
òx 

Ghm 
fm C 

-G xiyi = -(fpxiyz. 
òo 

S(Tg_ts) 

Ghm 

fmC 

Fgur 1. Ar vQpor Co1-r-Ç& \Jo(urn 

Cancelling equal terms and dividing by the volume 

xiyiz yields 

(7) 

T -t +' Ò(Gh) + j( g s' Jcir (f3) 

The first torri in equation 8 is the et ïate of change 

or enthalpy of the fluid treairz betwe6n the inlet and outlet 

control surfaca of the eotro1 volume. The second terra Is 

the convection heat t'ansfer :ate to the solid-liquid part 

of the control volume. he letter is the convection heat 

tranrer £i1IÌ coeficint; S .s the urrace area btweerì 

the two parts of th control volume per unit of volume; 



and Tg and t5 are the temperatures of the gas and solid 

parts of the contro]. volume respectively. The terni 

is the enthalpy of the condensed liquid leaving the air- 

vapor part of the control volume per unit of volume. In 

the case of steady flow or of small changes in the proper- 

ties of the fluid, the time rate of change of internal 

energy within the air-vapor control volume will be 

negligible. 

?urther simplification of equation 8 results from 

expanding the first term, 

..j.. (Gh) = Gp8 dTg + GvöpvdTg +h dU.,. 

dx 
dx dx dx 

= + -hgc 
dx 

= Gapm(1Tg - 
dx (9) 

where the specific heat, , specific humidity, , and 

specific enthalpy of the vapor, ig will be considered as 

constant mean values for the process. Substituting the 

relation of equation 9 Into equation 8 and combining the 

terms (i -hgc hfg Wc yields 

+ jS(Tg - t5) - hfg W O. 
(lo) 

dx 



èx 

'' h 

B 

lo 

- :Çi -1(Kt)zx" 
x ax ax 

S(T,-t,) 

Fij,ure 2 Solid liquid control volume. 

An accounting of the energy rates for the solid-liquid 

control volume of figure 2 is 

[K + c(K3ts)zx1 - K t3 yz + jS(T - t5)xy 
J 

+ B x,yz + hfzxoyz - flhx4YL1Z Lxy4z 

(l_f)Uf]. (u) 

The berm 1jhf represents tue energy removed by a plant as 
it consumes water. B ¿xAyz is the energy released in 

the adsorption of liquid by porous particles (2, p. LO-L.5). 

This "heat of wetting" term will be considered negligible 
since it is very siusil for materials such as sandy soils, 

glass beads, and powdered chromium. 

If the temperatures within the bed are maintained 
constant during the uniform condensation process, the 

internal energy of the liquid in equation li is not a 
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function of time and can be expanded, by using equation 6, 

as d[(].-f) Uf] = - 

Simplifying equation 11, replacing K by lCe the mean 

effective thermal conductivt of the bod, and aubstituting 

the precedtng relatiorn3 yim1cs 

K6d2t8 + jS(Tg - t5)+( - = ('ic - (12) 

dx2 

Equation 12 can be simplified by assuming that the onthalpy 

of the liquid, h, is equal to the internal energy, ü, to 

yie i 

Ke d2ts + jS(TL te,) = Os (13) 

The preceding analysis of the uniform condensation 

process has considered that either a steady state condition 

exists for which there are no timo variatIons in the 

properties of the system, or a quasi-steady state condition 

exists for which there is either a slow change in the 

properties of the system with time or a negligible change. 

The s1cnificent difference between the two conditions is 

that the relatively small increase in the moisture content 

of the porous bed with time for the quasi-steady state 
4' 

causes the thermal conductivity of the bed to increase 

(3, P. 37f), while the thermal conductivity of the bed for 

the steady state condition is constant. To maintain an 

energy balance for the quasi-steady state conditiou, it 
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will be shown that the maas flow rate of the fluid must 

be increased by an amount corresponding to the increase 

in the thermal conductivity of the bed. F4quatione 10 end 

13, which are formulations of the energy transfer rates 

within the bed, are presented in terms of total deriva- 

tives. Phis implies that the variables do not chane with 

time, These equations represent the steady stato condition, 

in which a plant is assumed to be removing water at the same 

rate as it is condensed from the vapor. These same oque- 

tions can also represent a quasi-steady state condition 

in which the process is carried out without a plant if the 

thernl conductivity, K, of the bed and the convection 

heat transfer coefficient j are considered functions of 

moisture content and time. 

The substitution of the relations 

s i! ' 
b = .L - = here a, b, and 

Ice GpCpm 

ere assumed constants, into equations 10 and 13 yields 

dT; + a(T ... t5) + 1 (1L) 
- 

d2te + b(T - t5) = 0, (15) 

dx2 

Combininr, equations lL. and 15 in terms of T, yields 

d3Pg + a - b dTg = bi (16) 

d3 2 
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The solution of this nonhomogeneous linear differen- 

tial equation is found by the use of operators. The 

general solution for Tg is the sum of the complimentary 

function, Tgc, and the particular integral, T. 
Integrating equation 16 yields 

(2 + et. - b) Tg = b cx + C3 which has a solution of 

the forni 

where 

= C,eX + C2 efl2X for the complimentary function 

m1_8_ Ja2+Lb , 90dm2_a+\/52+LI.b 
(17) 

2 2 

Tcp = - - sr - C3 for the particular integral. 

b 
b 

T=T +T 
ge gp 

T = C enuX + C2 e2 y - C (18) 
g 1 3 

The following assuraptions are made to establish 

boundary conditions for the evaluation of the constants 

Cl, C,, and C3 in equation 18. At the flow inlet to the 

bed, the temperature of the fluid, Tg and the temperature 

of the bed, t8, are constant but not the same value. At 

the flow outlet end of the bed the temperature of the fluid 

is a constant and is equal to the temperature of the bed. 
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The genera]. solution to equation 18, which satisfies 

both the steady state and the quasi-steady conditions for 

uniform condensation, with the constants evaluated, is 

T = T1 -(Tj -T0t + 'L) l_em2x (19) 

10fl12L 

For a iven unifoi'rn condensation process, the constant 

- cari be evaluated by determining w from equation 5. 

To niairitain constant uniform condensation within a 

porous bed, m2 must remain constant. The evaluation of 

for a prtioular process in which the mass flow rate 

G8 and the condensatiofl f& WC ara known, requires a 

knowledge of the specific surface area, S, the heat 

transfer coefficient, j, and the raean specific heat c1. 

An accurate detrrnination of the surface area of 

granular and powdarod materials is a very complicated 

process. 1t1ia calculation requires a knowledge of the 

number of particles and their size and shape distribution. 

discussion of the effects of particle size nd shape on 

the surface area may be found in reference (2, p. 10-18). 

Spherical materials such as 3-N "superbrite" beads, 

of a controlled size will provide surface areas of a 

smaller uncertainty than w5.li soils, if the bulk density 

or compaction of the bed is maintained at a known constant. 
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The calculation of the convection heat transfer 

coefficient, j, depends upon a knowledge of the effects 

of the saturated air mixture and the condensing process. 

The data of heat transfer coefficients available at the 

present time are for dry air flow in packed porous 

materials (li., p. 57-63) and for the evaporation of water 

from packed porous materials (5, p. 1003-1006) and 

(22, p. L4J45-11.51). These data, however, were determined 

at Reynolds numbers above 5.0 while the present study 

is concerned with Reynolds numbers less than 0.5. Coppage 

and London correlate their results with those of others 

for values of the heat transfer coefficient from dry air 

flowing over wire screens, or over spherical packings at 

Reynolds numbers from 5 to 50,000. Evaporation heat 

transfer studies for flow through porous beds were 

presented by i)eÊ].etis and Thodos and Wilke and Hougen 

for Reynolds numbers above 13. No known work has been 

published for heat transfer coefficients between saturated 

air with condensation and small particles in packed porous 

beds. 

Equation 17 defines m2 s 

+ j+Ljb 
2 2 

If m2 is represented by its binomial expansion as 

ni = - + (8 + b b2 + b3 -....), (20) 
2 2 a 

3 
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and if all but the first three tenne are neglected, then 

the result is a simple but useful approximation for 

Substitution of the values for "a" ard "b' into this 

approximation yields 

m2 

K6 

(2].) 

The presont study uses equation 21 to approximate the 

value of Pi2 because its definition by equation 17 requires 

that the convection heat transfer coefficient for uniform 

condensation and the surface area of the porous bed be 

evaluated, while this is not necessary in using equation 

21. The error introduced in approximating m2 by equation 

21 es compared to its evaluation by equation 17 for the 

conditions of this study l.a less than 0.1 per cent. 

In equation 21, m2 and c are constants for a uniform 

condensation process, therefore the ratio G must also be 

Ke 

constant. For the quasi-steady state process witb which 

this paper is concerned, equation 21 requires that tne mass 

flow rate, G5, be controlled so that the ratio 8 
will 

remain a constant fr any changes in the effective thermal 

conductivity of the bed. 

Equation 19 represents the physical relationship 

between the properties of a porous system in which liquid 

is being condensed uniformly from a saturated vapor-air 
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traam. In order Uiat this relation be applied to a 

5peciflo uniform condensation process, the Collowing ta 
must be determined: 

1. The inlet and outlet fluid stream 
temperatures an pressures; 

2. The required dewpotnt tenperature 
distribution; 

3, The effective thermal conductivity of 
the porous bed as e function of moisture 
content; 

.. The mass flow amato required for a 
uniform condensation process as a 

function of the thermal conductivIty 
of the porous bed. 

In detorininin the required dewpoi& temperature 

dIstribution, a linear pressure gradient i&i assuiod for 

the particular ìiass flow rate required for unioru 

condensation. Tcìe calculation of these required derpoInt 

temperatures also utilizes equations L. and , the boundary 

conditions of temperature for bhe fluid at the inlet and 

outlet of the bed, and the steam tables. 

lierrison L ?etten of the U. S, Bureau of Soils 

performed the first significant experiments studyirg 

the effect of moisture content on the theral ccnductivlty 

and thermal diffusivity of soils (lL, p. 36-IO). Figure 3 

shows some of Patten's results for quartz sands. This ta 

a graph of per cent thermal conductivity of a dry porous 

bed va, per cent moisture content by weight-dry. The 

experimental results of Shaw and Baver on the use of heat 



flow as a measure or soil nioisture indicates that all 

soils show the same tendencies with respect to the change 

in thermal conductivity with niolsture (16, p. 886-891). 

It can be noted from figure 3 that the effective thermal 

conductivity of the bed increases with moisture content 

and that the greatest change in thermal conductivity 

occurs at the lower moisture contents. This relation 

between the thermal conductivity and the moisture content 

of sands and soils as porous beds was verified in the work 

of Robins (15, p. 127-130). Since the rioleture content 

of a porous bed is described in figure 3 on a weicht basis 

for quartz sands, a correction must be applied to account 

for the difference in specific gravities between other 

materials and the quartz sand. In order to use figure 3 

to determine the change in the thermal conductivity of a 

specific porous bed with moisture content, the per cent 

moisture content of the test bed must be corrected to 

correspond to an equivalent per cent iîioisture content 

for a quartz sand bed as follows; the equivalent per cent 

moisture content of quartz sand bed equals 

(specific gravity of test bed) (per cent moisture content 

(1.6, the average specific gravity of quartz sand bed) 

of test bed). (22) 

This correction la made on the basis that for small particle 

sizes (0.008 to 0.002 inches) the amount of water io a 

unit volume of a porous bed is the significant factor 
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PERCENT MOISTURE CONTENT BY WEIGHT-DRY 

Figure 3. Percent of dry thermal conductivity of packed beds of 

quartz sands with increasing moiature content. 
Patten (1909). Average snecific gravity of quartz 
sand bed is 1.6. 
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uot th6 pieentage of watar by weight. The eseuxaption 

la ìaa that all of the ioiture condensed on the materIals 

considered will be deposited s a film about each particle 

and will form fillet ìt bhe points of contact b3tweon 

the particles. It Is further assumod that the incr2e 
in therial 3oriduetivity occurs hecause rf increase in 

the ai'ea of conaot between the particles of the bed as 

water is ad1ed to the bed. 

The corideisation re for a uniform condensation 

process, with peeIfio eonditions of temperature and 

pressu'e in a given porous bed, is fixed by the reaulred 

mass flow rete, Ga, as given by equation 21. 

If the uniform condensation rate could be increased 

above the values obtained b Chan and Wolfe, then the 

equipment could be made more useful. Greater uniform 

condensation rates could irrigate plants with hiher 
moisture usage requirements than ware previously considered. 

One method fo obtainin greater rates of uniforr condensa- 

tion is to produce a porous bed of relatively high thermal 

conductivity and therefore cause a corresponding inersase 

In the required flow rate for uniform condensation. P 

method of increasing the effective thermal conductivity of 

the o'ad is to place metal pins, with a thermal conductivity 

that is higher than that of the bed, in the porous bed 

with the long axis of the pins oriented parallel to the 
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axis of the gas flow through the bed. It is aseuined that 

the effective thermal conductivity of the iuetal pins 

enibeddod in a porous medium, is different from 

the thermal conductivity of the metal from which the pins 

are made. To further analyze t'ie problem, the effect of 

the ieta1 pins on the theriial conductivity of a porous 

bed niust be detexuined. This effect can be measured by 

determining the thermal conductivity of the porous bed 

with the pins and without the pins for dry air flow 

through the bed. queticn 19 my be used to calculate 

the vlue of the effective thermal conductivity of the 

bed from measurements WltLl dry ir flow. The effective 

thermal conductivity of the metal pins, pine is then 

calculated on a per cent by volu!ne basis from trie following 

relation. 

Ka = Ke,pins(per cent volume that is pins) + 

KE,pflrtice5(per cent volume that is particles) (23) 

After the value Ke,pins is determined, then the variation 

in thermal conductivity of tno system, with moisture 

content, can be calculated by assuming tnat only the 

heria1 conductivity cf the packed porous particles changes 

with moisture content during the unIform condensation 

process. 

A number of relatively simple correlations have been 

reported for predicting the thermal conductivity of porous 
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beds with stagnant ga in the pore volume, .Although the 

conduction procese through uoh systonis apper to be 

complex, these corre1ation have been quite successful. 

Generally, the therii]. conductivity of the packed bed Is 

expressed a s function of the thermal conductivity of 

the solid, the therrnil conductivity of the gas, and the 

void fractior of the porous medium. FITUrG L s s 

graphical correlation for predicting the effective therme]. 

conductivity of a porous bed from the work of eiss1er and 

Elan (6, p. 17-29). They have also determined the effect 

of pressure on the porous bed and found that there i.s a 

"break away pressure" below which the thermal conductivity 

of the pecked will decrease reduction in 

pressure. A correlation to predict the thermal conduc- 

tivity of packed porous beds considering variations in 

pressure below the break away pressure, and variations 

in particle size was developed by Shotto (19, p. 63), 

Kunil and Smith present a method for predIcting the 

effective thermal oonductivities of consolidated and 

unconsolidated porous beds in stagnant fluids if the 

thermal conductivity of the solid imteria1 can be deter- 

nined (10, p, 71). 

Extensive equations for predicting the effective 

thermal conductivity of a bed with a flowing fluid are 

presented by Kunii and Smith (li, p. 29-3I..). This study 
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is a theoretical analysis requiring soma knowledge of the 

packing arrangements of the particles, effective thickness 

of the fluid film adjacent to the surface of two solid 

particles, and the effective length between centers of 

the neighboring solid particles in the direction of heat 

flow. Kunii and Smith's work indicates an increasing 

trend in the effective thermal conductivity of the porous 

bed with increasing Reynolds number. This measure of the 

heat transfer within the porous bed is called the apparent 

effective thermal conductivity of the bed by Kunii and 

Smith because it includes the effects of radiation and 

convection heat transfer as well as conduction. There is 

not enough information available at the present birne to 

apply this work of IÇunii. and Smith to the present study. 

Kasanaky, Lutsick, and Olsynikov used a gamma ray 

absorption method called gammascopy to determine moisture 

inside porous beds without breaking the integrity of the 

porous structure (8, p, 231-239). This work studied the 

mechanism of non-stationary temperature and moisture 

content fields in unconsolidated porous beds. Further 

work in this field and possible application of the 

gammaseopy method should be of great benefit to the 

subject of the present paper. 
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APPAF ATUS 

The test section consists of an acrylic plastic tubo 

which has a S.-inch inside diameter, a *-inch wall 

thickness, and a 9-inch length. The tubo has flanges for 
boltin to the cooling plate and the bubble column, figure 

. The test sample is held in place by two lO-mesh 

inconel screens. The plastic tubing, chosen for its low 

thermal conductivity, is easy to modify and has the useful 
property of transparency. 

.- ', ,Nr '11 Y C« nLgT 

:r:.. 

c_w. NI'T . . . 

IJi: 

W.TC, C10LAT.N4 PU FUt 
. pr Dt LP WATEt CaowN 

5CMATC DIARKi SATURATED WAllt 
VAPOR-AIR SUPPLY S Y5TEt AND TEY 5ECTON 

-1Qf SinK 
C.W.(NLEt tiff f ft ttt ttJc.w. OUTLET 

PwL3' I'3CREEN 

-f 

Ç/5 N N 
ISJ H THERMOCOLJPLE3 

PPES5URE 
LI N PIA5TIC TEST 

CÖ14CflCÑS Il o ftSECTION 
-J1 IL 

__________ U'/) 'T 
Top of Ubbt,-_4'j 

ColUmn 1'I 

cr-o35 5ctioroi V'tw of F9ure 5 

Fqure 5. Test apparatus vith plastic test sctiorì ¡oue on top. 



26 

The porous bed is cooled by a copper, water cooled heat 

sink of the tipe pictured in figure 6. cias flowing 

through the porous column leaves through the inside of 

the tubes in the heat exchanger. The cooling water is 

circulated inside the heat exchanger around the tubes. 

The heat exchanger cools the porous medium by conduction 

heat transfer through contact with the particles of the 

bed. Figure 6 shows the two types of heat exchangers 

used in the tests. The significant difference between 

these heat exchangers is that heat exchanger No. 2 has 

pin type fins pressed into the tube sheet while heat 

exchanger No. 1 does not have pins. The purpose of the 

pins is to increase the effective thermal conductivity 

of the porous bed so that higher uniform condensation 

rates can be realized. There are 103 pins, each 0.093 

inches in diameter made of 18- 8 stainless steel or of 

brass of 60 per cent copper and LO per cent zinc by 

weight. 
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Figure 6. The two water cooled heat exchangers 
for cooling the porous bed are shown 
above. 

No. 1 Copper heat exchanger. 
No. 2 Brass heat exchanger with pin tins. 

Air is supplied for the tests by a .-HP vacuum pwap 

and is metered by a Shutte Koertirig Co. flow meter with 

capacity of 0.02 to 0.80 CFM in 0.02 CFM graduations. 

Air is supplied to the porous coluiim either as low humidity 

room air, or as air saturated with water vapor. For those 

runs In which condensation is not required, the low 

humidity air is passed through a copper tempering coil in 

the bubble column, figures 7 and 8. When condensation is 

required, the air flow is passed through a 9-inch by 
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1*-inch diameter porous :laaa filter et the bottom of a 

toux' foot column of water, tiure 7. The purpose of the 

laee filter is to disperse the air into the bottom of the 

water column in the form of very small bubbles. Water 

vapor is mixed with these air bubbles as they rise up 

through the water column, It is a3aumed that the air-. 

water vapor mixture leaving the top surface of the water 

column is saturated, 

I;] 

1iure 7. i. T3mperin 
coil for room air supply. 
B, Porous filter for 
saturated air supply. 

Figure 8. End view of 
test apparatus, showing 
bubble column insulated 

with aluminum foil and f iber-. 
glass blanket with the test 
section mounted on top at the 
left, the flow meter near the 
center, and the instruments 
on the right. 
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Cooling water is supplied to the heat sink and to 

the bubble column troni the constant temperature tank, 

figure 9. The tr'.perature of the coo1ng water upp1y 

bank and the bubb].6 column can be controlled to + 0.1°F 

by two Electron-0-Therm Sr. Temperature Controllers, 

fIgure 9. Each teriperature controller consista of a 

vRriac, an electronic circuit, and a resistance thermometer 

The verlac controle a 750-watt submersed heater. 

Tho electronic circuit controls a 250-watt submersed 

heater and can vary the amount of input energy up to 250- 

watts depending upon the instrument setting and the 

temperature sensed by the probe. 
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Figure 9. Front view o test ppratu. 
The two instruments in the upper left 
hand corner ere the Eletron0Thcrm 
temperature controllers. The cooling 
water supply tank is shown on the right. 

Temperatures of the cooling water and the metered 

air are measured with calibrated mercury thermometers 

haVin: 0.01°C graduations. Temperatures of the bubble 

tank and test eaction are measured with copperconstsnten 

thermocouples and a c-3 Leeds and Northup Universal 

potentiometer. The calibration curve (see appendix ft) 

for all of the therrocouplea agrees with published values 

to the accuracy of the values listed in the standard 

table (17, p. 80-83). Pressures at the flow meter and in 

the test section are measured with mercury and water 

manometers, f iîure 10. 
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¿j 

H 
Figure 10. Manometer board mounted 
on back of the test apparatus. 

The total electrical load for the test apparatus 

was .-KW. .P two-ton cooling load was used to maintain 
the room temperature within + 2°F of the room temperature 

indicated on the data sheets (appendix C). 
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PRO CEDURE 

In preparation for a test, thermocouples are located 

in the test section along the flow path with an accuracy 

° ± 1-inch. The test sample is oven dried at 220°F for 
32 

eight hours, air cooled, and poured into the test section 

through a funnel in even one-quarter inch deep layers. 

Esch layer is compacted by vibrating the test section for 

30 seconds with a vibrator fastened to the bottom flange. 

Before the uniform condensation process is started, 

the uniformity of compaction within the test bed must be 

observed from the pressure. distribution in the bed, and 

the thermal conductivity of the dry porous bed must be 

established. If the pressure distribution is nearly 

linear for dry air flow, then the compacted bed is 

accepted for a test. The temperatures and the pressure 

gradients are observed for several different flow rates 

with low humidity air flowing through the porous medium. 

Two of these conditions of flow are chosen so that the 

graph of temperature vs. length has a large change in 

slope as in curves (a) and (b) of figure 11. From those 

conditions, the effective thermal conductivity of the 

packed porous bed is calculated by using equation 19. A 

third flow rate is established to produce a temperature 

gradient with small change in curvature so that at 
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the mid-point of the flow length, L, the temperature has 

a value between 0.50 and o,S8 of the normalized temperature 

distribution, figure 11 curve (c). This condition of flow 

then will be approximately the sie as the required condi- 

tions for a uniform condensation process in this bed. The 

required dewpoint temperatures sre then calculated for the 

points along the flow path where the thermocouples are 

located, The required mase flow rato is then calculated 

for these required values of dewpoint temperature arid for 

the calculated value of the effective thermal conductivit 

of the bed. Adjustments are then made in the flow rate 

until the required temperature distribution and flow rate 

are developed and maintained within the bed. This 

procedure of establishing the required dewpoint tempera- 

turo distribution within the porous bed before the saturated 

air flow is passed through it reduces the po8sibility of 

a non-uniform condensation condition within the bed while 

the required dewpoint temperature distribution is being 

established. With the required conditions for the uniform 

condensation process established, the air flow is then 

directed through the bubble colwun to provide saturated 

air to the test section. A mass flow rate schedule is 

calculated so that the uniform condensation process can be 

maintained as the thermal conductivity of the bed increases 

with the moisture content. For the tests in which the 
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porous bed consists only of compacted particles, equation 

21 and figure 3 are used to determine the required mass 

flow rate. If pins are embedded in the porous medium, 

then the calculation to determine the mass flow rates 

with time requires the use of equation 23 in addition to 

the preceding method. When the test has been operated 

for a long enough period of time to condense the desired 

amount of moisture within the bed, then the teat i.s 

terminated. The moisture content is determined by 

dividing the bed into four sectors, subdividing each 

sector into one quarter inch thick layers, placing each 

of these layers in a sampling can, and weighing the samples 

in the moist condition and then again after drying. 

A discussion of the procedure used to determine the 

thermal conductivity of compacted porous beds with still 

air in the pore volume is presented in appendix B, 
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RESULTS AND DISCUSSION 

Six tests wore conducted with a saturated vapor-air 

mixture flowing through a cooled porous bed in an attempt 

to produce a condition of uniform condensation. 

Teats A, C, and F were performed with the fluid flow 

up through the porous bed. A condition of free convection 

heat transfer from the fluid flow in the entrance region 

of the test section and to the bottom surface of the 

porous bed was encountered during these tests which 

prevented the establishment of a uniform condensation 

process. Tests B, D, nd E were conducted with the test 

section inverted so that the fluid flow was down through 

the porous bed. The effects of the natural convection 

heat transfer in the entrance to the test section were 

greatly reduced and a satisfactory uniform condensation 
process was produced in each of these tests. 

Test runs B, C, D, and E were performed with metal 

pins embedded in the porous medium in order to achieve 

higher uniform condensation rates than for the boda of 

lower thermal conductivity. It may be seen from figure 20 

that as the effeciqe thermal conductiriity of the porous 

bed was increased by adding metal pins to the bed, a 

corresponding increase in the required mass flow rate 

was produced. 
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The variations of moisture content within the porous 

beds, with the exception of a one quarter inch thick 

layer at the flow inlet to the bed, xiay be attributed to: 

(e) the non-uniformity of compaction of the particles in 

the bed causing differencea in porosity and variations of 

the pressure gradient from the values required for uniform 

condensation, (b) the degree with which the thermocouples 

within the porous medium were indicating the fluid tamp- 

erature, the porous bed temperature, or some intermediate 

temperature; (c) the uncertainty as to the location of 

a thermocouple within the porous medium after the bed was 

compacted with a vibrator (d) the uncertainty io the 

reading of the flow rate due to slight fluctuations in 

the flow meter. The estimated uncertainty interval for 

the measured indications of flow rate and temperature 

was L. per cent. 

The packed porous beds of tests A, C, and F consisted 

of chromium powder for test A, sandy soil with embedded 

stainless steel pins for test C, and spherical "superbrite" 

glass beads for test F. The saturated air flowed up 

through a l.S-inch deep bed for each test. 

Examination of fitues 12, 13, and iLs. shows that the 

moisture content for each of these tests was greatest at 

the flow inlet end of the bed. The temperature of the 

bottom surface of the bed decreased with time for each of 
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theBe tests, Although a dewpoint temperature distribution 

appeared to have been maintained during these tests, the 

coefficient of variation (the per cent variation from the 

mean) moisture content of each bed for tests A, C, and F 

was greater than the values for tests B, D, and E for 

which the dewpoint temperatures remained relatively 

constant. The coefficient of variation of the moisture 

content for each test is the standard deviation divided 

by the mean and is a comparative measure of the uniformity 

of moisture content within the porous bed. The values 

of the coeffIcient of variation in moisture content for 

these tests are listed in table 1 and range from l9.L. to S.2 

per cent for tests A, C, sod F and from L.L1. per cent to 

2.6 per cent for tests 13, D, nd E. 

Heat transfer studies by Ec1ert and Diagu.la have 

shown that for conditions of flow with large Grashof 

numbers and small Reynolds numbers the flow may be 

predominantly that of free convection (7, p. 331-332). 

For test A, a typical value of' the Grashof number in the 

entrance of the test section was 2.!5 x io6 and the 

corresponding Reynolds number was l3.. These parameters 

define a condition described by Eckert and Diaguia 

(7, p. 332) as laminar free convection with mixed flow. 

The occurrence of more moisture In the beds of tests A, 

C, and D than could be condensed from a saturated flow 
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Tsble i Surnmsry of test results for uniform condensation in cooled porous beds 

Mean Ke Saturated NR w Coriden- Mean Me Coef, var. 
Test Porous Bed Perticle of M.r Flow (DG 10-3 sation Temp Percent Moisture 

Material size Bed Rete, G I 

) 
Time,llr. Bed,°F Moisture Content 

inch Content 

A Chromium 
l.S-inch bed o.00L. 
Flow up 
through bed 

B Sandy Soil 
3.0-inch bed 0.003 

brass pins 
Flow down 
Through bed 

C Sandy Soil l.-inch bed 
St. pins 0.003 

Flow up 
Through bed 

D Sandy Soil 
1.5-inch bed 

St. pins 0.003 
Flow down 
through bed 

E Sandy Soil 
1.5-inch bed 

St. pins 0.003 
Flow down 
through bed 

F Glass beads 
1,5-inch bed 0,008 
Flow up 
through bed 

0.29 1.3 0.009 3.9 8.0 55.7 0.35 + 19.Lj. 

7.2 26.7 0.152 2.9 6.0 62.5 2.06 + 

2.1 8.I. o.oL.8 5.3 16.0 6l. 5.60 + 5.2 

2.1 ¿3.0 o.oL.5 5.5 10.0 63.0 3.65 + 2.6 

2.1 7.9 0.0L5 .2 5.5 60.8 1.38 + 3.0 

0,16 1.1 0.017 6.]. 16.0 63.0 0.86 + 5.5 



with the saine inlet and outlet temperatures and pressures 

indicates that the water vapor must have been super- 

saturated. The lare value of the moisture content a 

the irlet or bottoni layer of these test beds, compared to 

the mean value for each bed, might be resulting from the 

excess moisture which is condensing from a supersaturated 

fluid as it approaches the saturated condition corresponding 

to its temperature at that point in the flow. The differ- 
once between the temperature of the bed at the inlet and 

the temperature of the fluid leaving the surface of the 

water in the bubble tank increased L.L1°F during test I, 
3.L.°F during test C, and 1°F during test F. To reduce the 

free convection effects In the entrance region of the test 
section for tests C nd F, a -tnch thick layer of fiir 
glass wool was pscked into the entrance region. The water 

level in the bubble column was raised until the top of 

the bubbling surface just touched the bottom of this fiber 
glass layer. Since small amounts of moisture were observed 

throug,hout the glass wool packing at the And of teste C 

and F, it is assuiied that some of the water in the rising 

fluid treaiu was deposited on the glass wool. rather than 
in the bottom end of the porous bed, This would account, 

in part, for the smaller variations in the moisture 

contents of testa C and F as compared to test A. 

A ssndy soil was used in the porous beds of testa 
B, D, and E, The bed in test B was three inches in depth 



with three inch brass pins embedded in the porous medium. 

The beds in tests ) end E were each l.-inches in depth 

with l.S-inch stainless steel pins within the porous 

medium. Test B wee designed to reduce the free convec- 

tion heat transfer effects encountered in test A and to 

study the effects of the brass pins upon the effective 

thermal conductivity of the bed. The test section was 

connected to the bubble column with a 6-inch diameter 

flexible rubber tube so that the bed could be turned 

upside down and cause the fluid flow to be directed down 

through the bed. The coefficient of variation in moisture 

content for test B was per cent. Some of this varia- 

tion ir) moisture content was caused by the large amount of 

moisture deposited at the flow inlet end of the bed. The 

high moisture content at the inlet end of test bed B may 

be attributed to conduction through the inflowing fluid 

from the surface of the bed causing additional moisture 

to be deposited in the bed. The temperature difference 

from a point 3-inches above the bed and the inlet surface 

to the bed was measured to be 2.6°F. For tests D end E, 

fiber glass wool was placed in the entrance region of 

the test section with an air space of about 1/8-inch 

provided between the bed inlet surface and the surface 

of the packing. The purpose of the air space was 

to eliminate conduction heat transfer between 
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the bed and the fiber glass wool. Smaller temperature 

diíTererice2 were obsrve between the fluid leavina the 

bubbla oiuìiin ai th irAlet surface of the porous bd 

tor tta D an E thei for test 1.3. Du.riog ti.ese teats, 

the teiiperatures o1 a pin, arid a poiiit in the porous bed 

between several pins, were nieaured at differeb locations 

along the flow path. The cUíference between thezc 

meaaurenients, which wexe made in the sanie .iorizontl 

plane of tIie bed, was consistently between O.L° and O.0F. 

This difference i the temperature of the porous bed and 

the pins surrounded by the particles of the bed indicates 

conduction heat transfer in the radial direction through 

the porous bed to the pins. 

The uxiform condensation rates for the six tests 

were 5.3 grains per hour for test B with brass pins; 

3.L., 3.3, and 2. grains peï hour for tests C, D, and E 

respectively with stainless steel pins; 0.5 rams per hour 

for test . with chromium powder; and 0.37 ¿rama per hour 

for test F wIth glass beads. These uniform condensation 

rates indicate that the uniform condensation process can 

be siificantly ineresed by increasing the effective 

therîtal conductivity of the bed. 

Fiurc 18 is a graph of soil coliwn pressure for 

test B for the beginning and for the end of the condensation 

procese. These results are typical of all of the tests 
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and ubstcnt1ate the assuiptîon c.2 a llnecr pressui 

ditribution used ±0 equatIons i and 5 to oa1cu1at the 

required depoint temperatures. 

Fiure 1Ç represents the tcîiperature istribution 

required for unifori condensation ar the measureã 

teripersture distrihutioo for test C. This cxßmple is 

typical for all of the test runs. 

In order to sstisy the condItion of unIform conãonsa- 

tien, the rctio was found to lieve values between 3.65 

nd 3.75 Lb_.0F/Ft_ßtu for u. of the rubis result 

may be observed by the linear relation of this rstio on 

figure 20. 
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Velues of the effective thermal coriductivities of 

the porous beds considered in the present study may be 

found i table 2 (see appendi. C). The thermal conduetivi- 

ties of porous bode consistIng of sandy soil, glass beads, 

end chronthim powder were measured for the condition of 

still air in the pore voltuiie of the bed and for the 

condition of nir flow through the bed. These two vaiues 

of the thermal conductivity for each bed are compared in 

figure 21, showIng n maxiran difference of 2 per cent. 

It is concluded from this comparison that the effective 

thermal conductIvity of the porous beds in these tests 

is independent of the air flow. 

The measured results for the thermal conduotivities 

of porous beds of glass beads and of ch.rci'ium powder are 

shown in figure Li.. for comparison with. the work of others. 

These values are 30 per cent higher then the predicted 

thermal conthictivitlas cf the glass bead.e and are 3 por 

cent higher than the predicted thermal conductivities of 

the chromium powder. Since the correlation in figure 21 

is made for different porosities, the variation in the 

compaction of these bode could Recount for ao.ne of the 

difference between the measured and the predicted values 

of the thermal conductivity. 
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The findings of Kunii and Smith indicate a definite 

increase in the "apparent effective thermal conductivity" 

of the bed with a corresponding increase in Reynolds 

number. No change was observed in the effective thermal 

conductivity of the porous bed with different Reynolds 

numbers in the present work. The difference in these 

results is that the definition of the apparent effective 

thermal conductivity of the porous bed given by Kunii and 

Smith includes convection heat transfer as well as conduc- 

tion, while the definition of the effective thermal 

conductivity of the porous bed in this paper does not 

include convection. 



CONCLUS IONS 

The aralysls of the problem of uniform condensation 

from a saturated water vapor-air mixturo flowing through 

a cooled porous bed shows that to provide uniform condensa- 

tion, the ratio of the mass flow rate of the fluid to the 

effective thermal conductivity of the bed must be maintained 

constant. This result has been verified experimentally with 

bede of glass beads, chromium powder, and sandy soil in 

which uniform condensation was obtained with coefficients 

of variation from+ 2.6 per cent to + 19.1j per cent for 

the moisture content of these beds. The uniform condensa- 

tion rates achieved range from 0.37 to 5.8 grain per hr. To 

achieve the more uniform condensation condition, it was 

necessary to invert the porous bed and cause the saturated 

water vapor-air mixture to flow down through the porous 

bed to reduce the natural convection effect. The higher 

uniform condensation rates were produced in a given porous 

medium by embedding metal pins of stainless steel or brass 

in the medium, Higher uniform condensation rates should 

be possible by adding metal pins of aluminum or copper to 

the porous bed. 

To satisfy the condition of uniform condensation, 

the ratio of the mass flow rate to the effective thermal 

conductivity of the bed was found to have nearly the same 
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value for all of the testa. This ratio had a variation 

of only 2.6 per cent for all of the test runs. Using the 

average value of this ratio, the temperature of the fluid 

in a porous bed for a uniform condensation process may be 

given by the equation 

T = + x - (T1 -T0t + rL) i et9l7 

i - e°'9 



RECOÌ4NENDAT IONS 

The determination of the moisture content of the bed 

by some method which would not disturb the Integrity of 

the bed during the uniform condensation process should be 

invaluable in the study and application of this method to 

irrigate plants growing in a porous medium of constant 

moisture content. One method used by Kasansky, et. al. 

(8, p. 231-239) to study moisture content fields in porous 

bodies is called gatnmascopy and appears promising. 

It has been the custom to use an overall heat transfer 

coefficient to describe the situation in which an analysis 

has been made combining several modes of heat transfer. 

The appearance in recent publications of terminology, such 

as, "the apparent effective thermal conductivity of a 

porous bed" to describe the combined heat transfer 

capability of a porous bed causes unnecessary confusion. 
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THE THERMAL CONDUCTIVITY OF 

POROUS BEDS IN STILL AIR 

The therua1 conduetivities of the glass beads, the 

chromiwn powder, and the sandy soil used in the uniform 

condensation process were measured as compacted beds with 

still air in the pore volume as a chek on the values 

determined from the flow process. The thermal conductivi- 

ties of these porous materials as packed beds in still air 

were determined from Fouriers' conduction equation for 

steady state tests. The test sample was packed into a 

water jacketed cylindrical pipe with heating elements 

located along the cylindrical axis. The electrical energy 

input to the conter heater and the temperature difference 

across the bed in the radial direction were measured. 

Guard heaters on either end of the center heater were 

maintained at the constant temperature of the center 

heater. Constant temperature cooling water was supplied 

to the water jacket from the constant temperature tank. 

The preceding method for measuring the thermal conductivi- 

ties of porous beds with a stagnant gas was the sae as 

that used by Deissler and Eiari (6, p. 17-29) in the 

determination of the thermal conductivities of powders. 
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Table 2 Thermal Conduc 

Porous Bed Mean Mean 
Material Particle Temp 

Size 

Send 0.00L3 

Sandy Soil 0.003 

Glass Beads 0.0011 

Glass Beads 0.0011 

Glass Beads 0.00L3 

Glass Beads 0.008 

Glass Beads 0.008 

Chromium 
Powder O.00L 

bivity of' Porou8 Bed 

Ka K 
Measured Predcted 
Still Air Deissler 

Eian 
Still Air 

3 in Air, 

K 
Predcted 
Kunii 

Smith 
Still Air 

Ka, Btu/FtHr°F 
K K 

Predicted Meas&red 
NR 

Kunii Air 
Smith Dry 

Air Flow 

Ti -- 0.162 0.12 0.21 -- 0.15 2.7 

76 0.218 -- -- -- 0.22 0.01 -- 

71 -- 0.096 -- -- 0.11 0.0 0.6 

98 0.117 0.098 -- -- -- 0.01 0.6 

77 -- 0.091 0.07 0.23 -- 0.33 0.I7 

92 0.17 0.100 -- -- -- 0.01 0.6 

71 -- 0.097 -- -- 0.16 0.33 0.6 

6 0.287 0.280 -- -- 0.29 0.01 38.7 



Table 3 SUMMARY DATA SHEET FOR TEST RUN A 

CONDENSATION PROCESS WITH SATURATED AIR FLOW 

MEASURED CALCULATED 
Time Hours O 8 8 

FLOW METER 
FLOW CFM O.03 0.036 0.038 
TEMPERATURE OC 23. 23. 23.2 
PRESSURE CM HG 12.3 l2.L. 12.6 
MASS FLOW G 1.1 1.2 

X/L PRESSURE IN BED 
CM HG 

O O.1s 0.25 O.LO .1 O.L.0 

.33 0.10 0.18 0.30 .10 0.27 

.67 0.07 0.09 O.1 .O 0.13 

.91 0.02 0.OL. 0.O .01 0.OL 
1,00 P 0.00 0.00 0.00 .00 0.00 
x/L TEMPERATURE IN 

BED 0F 
O 6L.i 60.3 60.0 6I.1 60.0 
O.2S 61.2 8.6 8.1 61.2 S8.1 
0.50 -- -- -- 8.1 56.0 
0.58 57.1 55.3 55.2 -- -- 
0.67 55.9 5)4.5 5L.14 -- -- 
0.75 -- -- -- 5L.8 53.8 
0.83 53.8 53.2 53.0 -- -- 
1.00 51.L. 51.L. 51.L. 51.L. 51.Lj 

BUBBLE TAN1 TEMP °F 68.5 68.5 68.5 -- -- 

ROOM RELATIVE HUMIDITY 28 25% 25% 

SAMPLE LOCATION X/L 0-.167 .167-.333 .333-.500 .500-.667 
PERCENT MOISTURE 
CONTENT O.L.8 0.30 .28 0.32 

SAMPLE LOCATION X/L .667-.t333 .867-1.00 
PERCB2'TT }IOISTURE 
CONTENT 0.32 0.37 

B ED DEPTH i . 5 in ch e s 
CHROMIUM POWDER QONTROLLED PARTICLE SIZE 0.0OL. inch 
K = 38.7 BTU/FT'-HR-°F FOR SOLID CHRONIUN:ASI HANDBOOK 
CONDENSATION TIME 8 HOURS 
Specific Gravity 3.7 for compacted bed 



Table L Suuiiraary DEta Sheet for Test Run B 

Condensation Process with Saturated Air Flow 

____________ - CALCTJLATED 

TIME HOURS 

FLOW CFM 0.72 O.7L. 0.76 
TEMPERATURE °C 27.° 27.14° 27.140 

PRESSURE CM HG 26.1 26.8 27.6 
MASS FLOW 26.0 26.6 27. 26.0 

CM HG..GßUGE 
L) 

( , 

7. 
._\ ¿ 
'w.V 

1- ñ J-V.V o 1.(_ .L'I. 

.33 6.1 6.3 6.8 6.1 
3.1 

6.7 
3.3 .67 3.Jj 3.6 3.9 

.83 2.0 2.]. 2.2 1.6 1.7 

1.00 0.0 0.0 0.0 0.0 0.0 
X/L TMPERATURW .. 

LED 0F 
O INLET 67.8 67.7 67.7 67.8 67.7 

0.21 66.0 65.7 65.6 
O . 25 __ se -- 

0.142 614.7 614.3 614.3 65.14 65.3 
0.50 63.6 63.1. 63.3 63.2 63.1 
0.63 62.7 62.14 62.0 
0.75 -- -- - 60.3 60.2 
0.79 60.3 60.2 59.9 
0.92 59.0 58.8 58,6 
1.00 EXIT 57.14 57.14 57.14 57.14 57.14. 

BUBBLE TA}II TEMP OF 7O.L. 70.Ii,. 70. 
TEMP 

ROOM RELATIVE HUMIDITY 
71.ó 
28.0 

70.ö 
214.0 

)i. 
26.0 

SAMPLE LOCATION X/I7 167 Ti'-.333 .33-.500 .50-.667 
PERCENT MOYSTURE 

AVERAGE 2.23 2.06 2.05 1.914 

AM.tL LOCATION X/t, .67-.8314 .83-1.00 
ÌWiNT MOISTUttE 
AVERAGE 1.99 2.07 

BED D.PTH 3.0 inches. Bed inverted with flow down through 
sandy soi]. with mean particle size of 0.003 inch with 103 
brass Lins, 0.093 inch dia., composition of pins 60% copper 
and 140% zinc. Thermal conductivity of pins K 61BFU/Ft - 
HR-0F (Reference ASi1 Handbook) 

Condensation time 6 hours, 
Specific Gravity 1.55 for compacted bed. 
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Table 5 SUMMARY DATA SHEET TEST RUIN C 

CONDENSATION PROCESS WITH SATURATED AIR FLOW 

- MEASURELJ CALCULATED 
6 16 16 

FLOW METER 
FLOW OEM O.2)i. 0.25 0.27 
TEMP 0C 25.3 214.6 21.0 
PRESSURE CM HG 16.1 17.3 18.2 
MASS FLOW G .8 8.2 6.9 7,8 8.9 

X/L PRESSURE IN BED 
CM HG GAUGE 

0 1.6 1.9 2.6 1.6 2.6 
.33 1.0 1.3 1.7 1.1 1.7 
.83 0.L1. 0.6 0.7 0.3 0.7 
1.00 0 0 0 0 0 
X/L TEPERAURi D'! 

BEi) °F 
0 70.2 68.6 67.6 70.2 67.6 

.21 67.L 66.3 65.6 -- -- 

.25 -- -- -- 67.0 614..9 

.50 63.L 62.5 62.0 63.6 62.0 

.67 61.3 60.0 59.8 -- -- 

.75 -- -- -- 59.7 58.8 

.83 58.0 57.6 57.3 -- - 
1.00 5.5 55., 55.5 55.5 55.5 
BUBBLE TA O' 73.2 73.14. 73.3 -- -- 

ROOM TENP 0F 7L 714. 7)4. 

ROOM RELATIVE HUMIDITY 3O 28 269g 

SAMPLE L0ATION X/L .167 .333 .500 .667 .b314. 1.00 
PERCENT MOISTURE 

AVERAGE 6.2 5.7 5.5 .3 5.Li. 5.6 
BEI) DEPTH 1.5 inches. (ThS FLOW liP T1flÖ1iG11 THE SANDY SOIL 
WITH MEAN PARTICLE SIZE OF 0.003 INCH 103 STAINLESS STEEL 
PINS 0.093 Dia., COMPOSITION ASTN 16-8 THERMAL CONDUCTIVITY 
OF PINS, K = 9 Btu/Ft-Hr-°F(REFERiNCE ASM HANDBOOK) 

CONDENSATION TIME 16 HOURS 
Specific Gravity = 1.55 for ccmpacted bed 
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Table 6 SUMMARY DATA SHEET TEST R1TN D 

CONDENSATION PROCESS WITH SATURATED AIR FLOW 

MEASTThED CALCULATED 
TINE HOURS 6 10 10 

FLOW 
FLOW 

NETE± 
CFM 0.23 O.2 0.26 

OC 2.8 25.9 25.6 
PRESSURE CH HG GAGE 15.7 17.0 17.8 
M4SS FLOW G 7.5 8.1 8.7 7.5 
/L 
CM 

1±tJSUÌL iN .L) 

HG GAGE 
O 1.20 l.2 1.?0 1.20 1.30 

.67 0.14.0 O.L1I. 0.L5 O.IO 0.14.3 
.92 0.10 0.10 0.10 0.09 0.10 
1.00 0 0 0 0 0 
X/L fo 
O INLET-SOIL 69.7 69.5 62.3 69.7 69.3 
O INLET-PIN 69.2 69.1 6o.9 

0.25 
.33 
.50 
.67 
.75 
.88 
i 00 

66.3 66.3 

61.7 61.5 

58.2 58.1 

-- 66.8 66.5 
66.2 
-- 63.7 63.14. 

61. L. 

-- 60.3 60.1 
58.1 

ROOM RELATIVE HUMIDITY 30 27 28 

¡kuLrij.ci VLLV A/U .iO( ,.))) .VV .UQ( .U)L4- .L.VV 

PERCENT MOISTURE 3.71 3.56 3.59 3.56 3.614. 3.82 
AVERAGE CONTENT 

BED DEPTH 1 5 INCHES . BED INVERTED W ITH FLOW DO THROUGH 
SANDY SOIL WITH MEAN PARTICLE SIZE 0.003 INCH WITH 103 
STAINLESS STEEL PINS 0.093 INCH DIA - COMPOSITION ASTN 
18-8 - THERMAL CONDUCTIVITY OF PINS K = 9 Btu/Ft-HR-OF 
(REFERENCE ASM HANDBOOK.) 
CONDENSATION TIME 10 HOURS. 
Specific Gravity 1.55 for Compacted Bed. 
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Tb1e 7 SUMMARY DATA SHEET TEST RUN E 
CONDENSATION PROCESS WITH SATURATED AIR FLOW 

TIME HOURS 

FLOW CFM 0.23 O.2L O.2S 
TEMP OC 2!,O 25.0 25.1 
PRESSURE CM HG GAGE 15.3 16.1 16.5 
MASS FLOW G 7. 7.8 8.2 7» 8.2 

CN HG GAGE 
O 1.50 1.60 1.70 1.50 1.70 

.33 1.05 1.10 1.20 1.00 1.13 

.83 0.30 0.35 O.L.O 0.26 0.29 
1.0 0 0 0 0 0 

xit TE1ERATTJRE IN 
BED OF 

O SOIL - INLET 66.L. 66.1 65.7 66.1. 65.7 
O PIN 66.0 65.6 65.2 

.25 SOIL -- -- -- 63.9 63.L 

.33 SOIL 6L.O 63.7 63.1 

.50 SOIL 62.6 61.6 61.2 61.3 60.9 

.67 SOIL 60.0 60.0 59.8 

.67 PIN 59.7 59.6 59.2 

.75 SOIL -- -- -- 58.I. 58.2 

.83 SOIL 57.3 56.9 56.7 
1.00 EXIT ¶.2 .2 .2 .2 .2 

ROOM RELATIVE HUMIDITY 

SANPLE LOCATION XLL 0.17 .167.-333 .33-.500 .50-667 
PERCENT MOISTURE 
AVERAGE CONTENT 1.)4.5 i.LO 1.38 1.36 

SANPLE LOCATION X/t. ,67-d31j. .t3-1.00 
PERCENT MOISTURE 
AVERAGE CONTENT i . 3L. 1 . 3L. 

BED DEPTH 1.5 INCHES. BED INVERTED WITH FLOW DOWN THROUGH 

SANDY SOIL - WITH MEAN PARTICLE SIZE 0.003 INCH. WITH 103 
STAINLESS STEEL PINS 0.093 INCHES DIA. - COMPOSITION ASTM 

18-6, THERMAL CONDUCTIVITY OF PINS K = 9Btu/Ft-HR-°F 
(REFERENCE ASM HANDBOOK.) 

CONDENSATION TIME 5.5 HOURS. 
Specific Gravity 1.55 for Compacted Bed. 



Table 8 SUMMARY DATA SHEET FOR TEST RUN F 
CONDENSATION PROCESS WITH SATURATED AIR FLOW 

MEASURED CALCULATED 
TIME HOURS O t3 Th lb 

'PLOW METER 
FLOW CFM 0.02 O.O!4. O,O -- -- 

TE °C 2.i 29.0 29.0 
PRESSURE CM HG GAGE 13.0 13.3 13.S 
MASS FLOW G 0.62 i.21i. 1.56 0.62 1.56 

ON HG GAGE 
O 0.10 0.13 0.15 0.100 0.150 

.33 0.07 0.09 0.11 0.067 0.100 

.83 0.02 0.03 O.Ot. 0.016 0.O2, 

.92 0.01 0.01 0.01 0.08 o.O1L. 

1.00 0 0 0 0 0 

X/L TEMPERATURE Th 

BED 0F 
O INLET 70.0 68.8 69.0 70.0 69.0 
25 - - -- - - 67 O 

.33 65.8 66.0 65.14. 

.50 63.14. 6L.0 63.2 63.8 

.67 61.6 61.7 61.2 
75 - - - - - - 60 i 
.83 58.6 5.7 58.14. 

1.00 EXIT 56.1 56.0 56.0 56.1 56.0 

ROOM RELATIVE HUMIDITY 22% 21% 18% 

i1f:r .w. . 

____ bIkh?A 

AVERAGE CONTENT o.8 0.86 
ED DEPTH i . 5 INCHES . ÄL01Ñ UP THROUGH SHERICAL GLA 

BEADS WITH MEAN DIA. 0.008 INcH. THERMAL CONDUCTIVtTY 0F 
SOLID GLASS 0.6 Btu/Ft-HR-°F 

CONDE2iSATION TIME 16 HOURS. 
Specific Gravity = 1.55 for Compacted Bed. 


