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Abstract-In this paper, the temperature rise and pressure drop experienced by an evaporating coolant 
flowing through a volumetrically heated porous layer have been studied experimentally. Experimental data 
for the temperature distribution and the two-phase pressure drop along the direction of flow is obtained for 
water flowing through layers ofinductively heated steel particles. Spherical steel particlesvarying in size from 
590 to 4763 pm are used to form porous layers in 5 and 10 cm dia. glass jars. In these experiments the data are 
obtained for layer depths varying from 9 to 81 cm, volumetric heat generation rate’varying from 1.44 to 
44.0 W/cm3 and the mass flow rate of water varying from 510 to 18200 kg/m’ h. 

A theoretical model for the temperature profile in the liquid region and the two phase region has been 
made and is found to compare well with the measurements. Vapor channels are observed to form in porous 
layers of particle diameter less than 16COpm. Separate semi-theoretical models have been developed for the 

two phase pressure drop in particles with diameter less than and greater than 16OO~m. 

NOMENCLATURE 

A, = ~0’14, area of cross-section of the 
porous layer [cm*] ; 

a, viscous coefficient in the Kozeny- 
Carman equation [cm-‘] ; 

b, inertial coefficient in the Kozeny- 
Carman equation [cm- ‘1; 

co, empirical constant; 

c&w Cpb Cpft cpp> specific heat at constant pressure of 
vapor, liquid, fluid, and particles, re- 
spectively [kcal/kg K] ; 
= cpfc + cPP(l - R), specific heat of 
mixture (fluid and particles) at constant 
pressure [kcal/kg K] ; 
inner diameter of the glass jar [cm] ; 
diameter of the vapor channels [mm] ; 
diameter of particle [cm] ; 
local friction factor through vapor 
channel ; 
average friction factor through the vapor 
channel ; 
mass velocity of liquid at inlet or of the 

two phase mixture [kg/m2 s] ; 
acceleration of gravity [m/s’] ; 
depth of the particulate bed [cm]; 
latent heat of vaporization [kcal/kg] ; 
volumetric particle to fluid heat transfer 
coefficient [W/m3 K] ; 
thermal conductivity of fluid (vapor or 
liquid) and particles, respectively 

[W/m Kl ; 

*The paper was presented at the 20th ASME/AIChE 
National Heat Transfer Conference, Milwaukee, Wisconsin, 
2-5 Aug. 1981. 

= fk, + (1 - c)kp, mean thermal con- 
ductivity of the mixture (fluid and par- 

ticles) [W/m K] ; 

= b/a, ratio of the inertial and viscous 

coefficients in the Kozeny-Carman equa- 
tion [cm]; 
mass of liquid in the porous layer [kg] ; 
mass of particles in the porous layer [kg] ; 
mass flow rate of vapor and liquid re- 
spectively [kg/s] ; 
mass flow rate of liquid at exit; 

number of vapor channels per unit area of 
cross-section [number/cm21 ; 
pressure [N/m’] ; 
frictional pressure drop in the two phase 
region [N/m’] ; 
hydrostatic head in the two phase region 
if it was filled with saturated liquid 

[N/m’] ; 
total pressure drop in the two phase 
region [N/m’] ; 

local and average volumetric heat gener- 
ation rates in the porous bed [W/cm’]; 

total power generated in the porous bed 

PI ; 
T,,T,,T,, temperature of the fluid, particles and 

mixture, respectively [“Cl ; 

Tfiv inlet temperature of liquid [“Cl ; 
T sat, saturation temperature of the liquid 

C"Cl ; 
% 01, specific volume of vapor and liquid re- 

spectively [m3/kg] ; 
X, quality of the two phase mixture [ti&] ; 

X er quality of the mixture at the exit of the 
porous bed ; 
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axial distance along the direction of flow 

[cm] ; 
axial distance at which liquid just begins 
to evaporate [cm] ; 
axial distance at which vapor just begins 
superheating [cm] ; 

Greek symbols 

"","l, 

PWPI4$, 

Subscripts 

c, 

f, 
1, 
m, 
nc, 

P> 

Superscripl 

fractional cross-section area occupied by 
vapor in the two phase region; 

the porosity of the porous layer; 
the mass fraction of total vapor flow rate 
flowing through the non-channeled 
region ; 
the viscosity of vapor and liquid, re- 
spectively [kg/m s] ; 
the kinematic viscosity of vapor and 
liquid, respectively [m’js] ; 
the density of vapor, liquid and particles, 

respectively [kg/m3]. 

channel ; 
fluid; 
liquid ; 
mixture ; 
non-channeled region ; 
particle. 

average over Z. 

INTRODUCTION 

AFTER a hypothetical transient overpower accident or 

a transient undercooling accident in a liquid metal fast 
breeder reactor, fuel debris may collect in the coolant 
channels in the form of a porous blockage. The recent 
incident at the Three Mile Island-2 nuclear power 
plant has also shown that during severe undercooling 
conditions, the fuel elements of a light water reactor 
may deform to such an extent that certain portions of 
the core may behave as a heat generating porous 
blockage. Several analytical and experimental studies 
exist in the literature that attempt to understand the 

heat transfer characteristics of single phase flow 

through a volumetrically heated porous plug. However, 
few experimental or theoretical studies have been 
made to understand the complex thermal-hydraulic 
characteristics of a porous layer when two phase flow 
conditions exist in the plug. In the present work, 
thermal-hydraulic characteristics of a volumetrically 
heated porous layer subjected to forced flow boiling 
are studied experimentally. 

The earliest theoretical and experimental study of 
the thermal-hydraulic characteristics of single phase 
flow through a volumetrically heated porous layer is 
that of Choudhary and El-Wakil [l]. They solved the 
coupled linear energy equations for the solid and the 
gas phase using an implicit modified Crank- 

Nicholson method. The pressure drop through the 
porous layer was determined by using the Kozeny- 
Carman equation with both viscous and inertia 
terms in it. By comparing the measured exit fluid 
temperature history with solutions of the energy 

equations, they correlated volumetric heat transfer 
coefficient data by 

1(1 - c) 
Nu, = UW0.65 b.00377 L 1 1.33 

(1) 

In equation (I), I, is the characteristic length defined as 
the ratio of inertial and viscous coefficients in the 

Kozeny-Carman equations for pressure drop, while 
Re, and Nu, are defined as 

Re, = 3, 
2 

Nu, = F. 

f 
(3) 

The numerical constant, 0.00377, in equation (1) was 
measured in feet. 

The steady state analysis of [l] has been extended to 
single phase transient cooling of a volumetrically 
heated porous layer [2]. 

Motivated by its potential application to nuclear 

power thermal reactors, Moalem and Cohen [3-53, 
analyzed fluid flow through a volumetrically heated 
porous layer under phase change and vapor superheat 
conditions. The temperature distributions in the solid 
and fluid phases were obtained by simultaneously 
solving the energy equation for each phase. The 

pressure drop through the porous layer was obtained 
by using the Kozeny-Carman relation. Characteristic 

parameters for various operational conditions of the 
reactor were evaluated. In their work Moalem and 
Cohen gave no particular attention to the pressure 
drop in the two phase region lying between the single 
phase liquid and superheated vapor regions. 

Vasiliev and Mairov [6] have analyzed heat transfer, 

pressure drop and stability characteristics of a volu- 

metrically heated porous layer cooled with forced flow 
evaporation. Dependent upon the physical state of the 
coolant, they divided the porous layer into three 

regions-subcooled, saturated two phase mixture and 
superheated steam. For each region, they solved the 
energy equations with appropriate boundary and 
interfacial conditions to obtain temperature distri- 
bution in the solid and the fluid. The energy equations 
used in [6] are similar to those used in the present 
work and as such are not reproduced here. The 
pressure drop through different regions was calculated 
by using Kozeny-Carman equation : 

dP 

-dz 
= avG, + boG; 

where 

150(1 - c)* 
, b- 

1.75(1 - E) 
a= 

r3d2 ’ P c3d, 
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To use equation (4) in the two phase region, they 
defined the specific volume of the mixture as 

u = u, + x(u, - u,) (5) 

while two alternative formulations were used to define 
the kinematic viscosity of the mixture 

v, = v, + x(v, - v,) (6) 

and 

VII = [p, + X(L - PI,1 cu, + 44 - UJI. (7) 

Hydrodynamic and thermal characteristics of the 
evaporative cooling of the porous layer allowed them 
to analyze the stability of the process. 

The modeling of the two phase pressure drop in the 
work of [6] is speculative and does not have a sound 
physical basis. Also, the orientation of flow in the 
studies of [5, 6] is normal to the gravitational acceler- 
ation whereas in physical situations of interest in light 
water and liquid metal fast breeder reactor safety, the 
gravity acts in a direction parallel to the flow. 

The purpose of this work is to obtain data for the 
steady state temperature profile and pressure drop of an 
evaporating coolant flowing vertically through an 
inductively heated porous layer. Data will be taken for 
various particle sizes, layer depths, volumetric heat 
generation rates and mass flow rates of water. The 
observed temperature profiles and the two phase 
pressure drop will be compared with those predicted 
by the theoretical and semi-theoretical models de- 
veloped in this work and elsewhere. At present no such 
data or comparison of the data with the theoretical 
models exist in the literature. 

ANALYSIS 

Preliminary visual observations indicated the for- 
mation of vapor channels in small diameter particles 
(dp I 1600 pm). In large diameter particles (1600 < d, 
< 4763pm) the vapor appeared to flow in the 
interstitial spaces between the particles. This suggested 
that probably two models were needed to describe the 
two phase pressure drop in small and large diameter 
particles. However, a single mode1 could be used to 
determine temperature distribution in the particulate 
layers as long as the Biot number based on the particle 
radius was less than unity. 

Temperature distribution 
The steady state ldim. energy equations describing 

the temperature of the particles and the coolant can be 
written as 

dZT 
k,(l - e) dz* L - UT, - T,) + C?,(z) = 0, (8) 

d*T, 
kiCz + h,(T, - T,) - G,c,,z = 0. (9) 

The coordinate system utilized in writing equations (8) 

; Two Phase Mrxture 

e Phase 

_I___ ego” 

Slntered Gloss Filter 

a) ~bpor Flow Model For Large Pari~cles (dp >I600 pm) 

I 

, 
Two Phase M,xture 

---- i 

I 
H 
, 

-L 

/ t water In 

Slntered Glass Fflter 

b) Vapor Flow Model For Small Partlcles (dp < 1600 pm) 

Flc. 1. Models for two phase pressure drop in large and small 
diameter particles. 

and (9) is shown in Fig. 1. In the single phase liquid 
region, the volumetric heat transfer coefficient given by 
equation (1) for water is sufficiently large so that the 
difference between the particle and liquid temperature 
can be safely assumed to be small. Defining a mean 
temperature, T,, as 

T, = T, = T, 

and a mean thermal conductivity, k,, as 

k, = k&l - E) + kfc. 

Equations (8) and (9) can be added to give: 

(10) 

(11) 

d*T 
k, m - G,c,,% + Q,(z) = 0. 

dz2 
(12) 

The boundary conditions for equation (12) are the 
conductive heat loss from the bottom of porous layer 
that produces a jump in the liquid temperature: 

k, f$’ = G,c,,(T, - Tii) at z = 0, (13) 

and the zero heat flux condition at the height, z,, where 
liquid reaches its saturation temperature : 

dT,=O at z=z 

dz 
I (14) 

The height, zi, where boiling begins is obtained by 
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making an energy balance as 

Assuming that Q,(Z) = A + Bz represents the 
variation of Q, with z in the liquid region, the solution 
of equation (12) consisting of both homogeneous and 
particular parts is obtained as 

7, = ci + c2 exp (G,c,,z/k,) + cz + Dz2 (16) 

where 

D = B/2G,c,,, (17) 

CI = Tfi + (krnc/‘Gfcpf), (19) 

Cl = - (c + 202,) &exp( - Grc,rz,lk,). (20) 
f Pf 

The solution equation (16) could easily be extended to 
the cases where the volumetric heat generation is 
represented by a polynomial of the nth degree. 

After the liquid reaches its saturation temperature, 
the energy generated in the particles will be utilized to 
convert the liquid into vapor. In the two phase region, 
the volumetric heat transfer coefficient, h,, is expected 
to be large. Thus, the temperature difference between 
the particles and the fluid will be small. If the pressure 
drop through the porous layer is much smaller than 
the system pressure, the variation of T,,, in the two 
phase region due to variation in pressure can be 

neglected and it can be assumed that 

Tr = Ts,, (21) 

until all the liquid is converted into vapor. In the two 
phase region the quality, x, at any location z is 
determined from the energy balance equation as 

x= 
[S 

’ Qv(z)dz - GfCpd'sat - 'fi) GAg. (22) 
0 I/ 

After the quality attains a value equal to unity, the 
vapor can be superheated. The location, zIrr at which 
vapor starts to superheat is obtained from equation 
(22) when x is taken to be 1. 

Pressure drop 

In the non-boiling region, the single phase pressure 
drop irrespective of the particle size can be calculated 
by using the Kozeny-Carman equation (4). Moreover 
for two phase pressure drop different models are 
needed depending upon whether vapor channels are 
formed in the particulate layer or not. 

Homogeneous model for pressure drop in large dia- 

meter particles (dp > 16OOpm). Figure la shows a 
conceptual configuration of two phase flow through 
large diameter spherical particles. Vapor and liquid 
phases move through the interstitial spaces between 
the particles. Assuming that the average fractional 
cross-sectional area of the particulate layer occupied 

by vapor is CY, the pressure drop experienced by liquid 
and vapor phases in moving a distance, dz, in the 
vertical direction can be written : 

-(dp,)a = F,,/A + F,,,‘A + pvgudz (23) 

-(dp,)(l - CC) = FDJA + F&A + pig(l - CI) da. 

(24) 

In equations (23) and (24) F,, and F,, are the particle 
drag forces on vapor and liquid phases respectively and 
FDi is the drag at the vapor liquid interface. The change 
in momentum as a result of increase in specific volume 
after evaporation has been neglected in these two 
equations. For the low mass flow rates studied in this 

work, the interfacial drag can be neglected in com- 
parison to the particle drag. Combining equations (23) 
and (24) the two phase pressure drop across the 
differential element dz is obtained as 

- dp, = - (dp& - (dp,)(l - Co 

= Fn,IA + FniI.4 + (P,ga + pis(l - Co)dz. (25) 

The first two terms on the extreme right-hand side of 
equation (25) represent the friction pressure drop 
whereas the last term represents the hydrostatic head. 
Using equation (4), the drag forces F,, and F,, are 
written as 

F,, = (avAGf/cc + bx2Gf/p,a2)A dz, (26) 

F,, = [a~,( 1 - x)G,/( 1 - ~1) 

+ b(1 - .~)~G;/p,(l - @]A dz (27) 

In equations (26) and (27), the quality, x, at any 
location z is obtained from equation (22). Substituting 
for F,, and F,, from equations (26) and (27) into (25) 
and dividing throughout by dz, an expression for total 
pressure gradient in the direction of flow is obtained: 

+ b x2 I (1 - x)2 

i P”E2 P,(l - co’ 
G? + p,sa + pis(l - a). 

(28) 

The two phase pressure drop in the porous layer can 
be calculated from equation (28) once a relation 
between x and c[ is known. Many investigations in the 
literature have attempted to determine c(, by mini- 
mizing with respect to Q, the presssure drop given by 

equation (28). However this is purely speculative and 
no rationale can be advanced for such an assumption. 
Comparison of the coefficients of G, and Gf in 
equation (28) with Vasiliev and Mairov’s equations 
(5t_(7) shows that effective viscosity and specific 
volume of the two phase flow given by equation (28) 
are much different. In the present work an empirical 
relation between x and a will be obtained by compar- 
ing the two phase pressure drop given by equation (28) 
with the observed pressure drop. 
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~~a~~e~ $ow model for p~ss~e drop in small dia- 
meter ~~~~~~e~ fd, < ~~~~~~~ Figure lb shows the 
vapor Aow ~on~g~ation in porous layers composed of 
small diamem particles. In these layers the vapor 
bubbles are able to push the particles away and thus 
escape in the form of channels or ttlnnels located 
discretely in the porous gayer. The channels are free of 
any particles. Since all of the vapor is generated in the 
non-channekd region, vapor bubbles wih Aow a 
certain distance in the non-charmeled region before 
merging into the vapor charm&. Assuming that a11 of 
the liquid flows through the non-channeled region, the 
total pressure drop based on the ~1ornogE~~aus model 
in the non-channeled region can be written in a 
manner similar to equation (28) as 

(29) 

Using a formulation similar to that for flow ifl pipes, 
the pressure drop in the channeled portion can be 
written as 

in equation {3O)~is the friction factor, N is the num~r 
ofchannels per unit cross-sectional area of the porous 
layer and d, is the local diameter of the channel. The 
friction factor,f, is defined as 

Equations (29)-(31) give us only three equations in 
eight unions (dp,),,Jdz, (dp,),idz, v% d,, N,J ce and n. 
To solve explicitly for all the unknowns five more 
relations are needed, These relations can be obtained 
by making some ~surn~t~ons or using ex~rj~~en~~ 
information. In this work it is proposed that: 

[i) the gmzmre gradient in the no~~b~ne~ed anct 
channeled region is the same 

(32) 

In equation (32), pressure diirerence due to surface 
tension between vapor channel and the surrounding 
region has been negIected because a weIf defined 
~~qujd-va~or-~~~d interface does not exist. 

(ii) The flow in the vapor channels is laminar so that 
the friction factor varies inversely with Reynolds 
number. Or in equation (30), the exponent 

?t=l (33) 

This assumption wit1 be true over a limited range of 
mass flow velocity, G,, and its va~dit~ for the present 
set of data will be checked. 

(iii) The rata1 two phase pressure drop amm the 
pmm layer is obtained by integrating either equation 
(29) or (30) and is known from experiments 

(iv) The vapor channels begin to form at a k~~tion 
where boiling begins, The average vapor channel 
diameter (&) at exit (top of the porous layer) and 
number of vapor channels, N per unit area, are also 
known from experiments. The vapor channel diameter 
at any location is proportional to local quality, i.e. 

d X 
-2 = _-.. 
a 

cl? xe 
~~~d~~t~y vapor channeI of zero diameter has no 
pbysica~ meaning. Thus the vapor channel diameter 
where boiling begins (X = 0) is taken to be equal to the 
diameter of the largest cimfe that can be drawn in the 
interstitiai space between three adjoining particles 
placed at the corners of an equilateral triangle [7]. 

For a given flow rate and heat generation rate, the 
numerical procedure consists of solving equations (f2), 
(29~(323 simultaneously along the direction of flow 
with assumed value of c,, and with a priopi knowledge 
of d,, and N, junctional dependence of ix, upon local 
quality is obtained from pressure drop mode1 for large 
diameter particles. Thereafter equation (34) is in- 
tegrated. The calculated total pressure drop across the 
boiling region is compared with the observed pressure 
drop and a new value of co is obtained, The procedure 
is repeated until the guessed value of c, is the same as 
that obtained by solving equation (34). 

The experimental apparatus was designed so that 
temperature djstribuFjon and pr~3suFe drop across a 
volumetrically heated porous layer cooled by a verti- 
cat& upward Bowing fiquid undergo~ug phase change 
could be studied. Distified water was used as the 
coolant while a paeked cohrmn of ~~du&~ve~~ heated 
steef par&& was used to simulate a voium~tr~ca~y 
heated porous layer. The particle size, height of the 
porous layer, heat generation rate and the exit qua&y 
were varied ~rametri~lly. 

The main components ofthe experiment set up are: 
a glass jar filled with steel particles, an induction 
heater, a work coil, a water reservoir and a centrifugal 
pump. The ~nstrumentat~on consists of therrn~ou~~s 
with an X-Y recorder for measuring temperatures and 
a ma~o~ter or capsuhehc gauge for measuring ihe 
pressure drop. A schematie diagram of the apparatus is 
shown is Fig. 2. The quartz jar used for forming the 
porous Iayer has an i.d. of 102 mm and is 348 mm high. 
A sintered glass filter 6 mm in thickness and having a 
permeability of 170-220pm is welded at 3Omm from 



546 A. S. NAIK and V. K. DHIR 

FIG. 2. Schematic diagram of the experimental set-up 

the flat bottom of the quartz jar. The particulate layer 
is supported on the filter while the space between the 
filter and the bottom of the jar serves to make the flow 
uniform at entrance to the porous layer. A 6 mm dia. 
hole in the filter plate allows insertion of thermo- 
couples from the bottom of the jar. Nine chromel- 

alumel thermocouples carried in a 0.397 mm dia. 
two-hole alumina insulators are fixed vertically to 

the filter so that the hot junctions of the thermocouples 
are at heights of 3,13,25,38,50,63,75,88 and 102 mm 
from the filter. The temperature at other locations in 

the porous layer can be measured by the movable 
thermocouple shown in Fig. 3. The thermocouples are 
connected to a Houston 2000 Omnigraphic X-Y 
recorder through a multi-switch. After ascertaining 
that the jar diameter did not have an effect on the 
pressure drop, experiments for porous layers deeper 
than 20cm were conducted in a 51 mm dia. glass jar. 
This jar was instrumented in the same fashion as the 

102 mm dia. jar. 

0.6; L 1 / I 
02 0.4 0.6 0.8 

/ 

-J 
1.0 

Dimensionless AXIOI Distance, z/H 

FIG. 3. Typical variation of dimensionless volumetric heat 
generation rate in the porous layer. 

The reservoir containing distilled water at room 
temperature is connected to the inlet of the quartz jar 

via a 0.75 HP centrifugal pump and a control valve. 
The multi-turn work coils are made of either 4.76 mm 
or 9.5 mm o.d. copper tubing. The pitch and the 
diameter of the coils are decided from the power 
requirements and the height of the particulate layer. 
To achieve a uniform power distribution, a constant 
clearance between two consecutive turns is maintained 
by using three work coil holders. The work coil is 
connected to either a 10 or 25 kW, 450 kHz cycle-dyne 
radio frequency generator. 

Since the flow velocities studied in this work are 

small, a natural gravitational separation of steam and 
water droplets is attained at exit of the two phase 
mixture from the particulate layer. A calibrated glass 
jar and a stop watch are used to measure the flow rate 
of the water at outlet from the particulate layer. 

Prior to each experiment, the porosity of the 
particulate layer was determined by knowing the 
amount of distilled water needed to saturate the 
particulate layer of given height. Knowing the jar 

diameter, the layer height and the volume of water 
needed to saturate the layer, the porosity of the 
particulate bed was calculated. Maximum uncertainty 

in porosity is expected to be less than +2.5%. Cali- 
bration for heat generation rate at discrete locations in 
the particulate layer was made for each particle size, 
bed height and power setting of the induction heater. 
The procedure consisted of centering the test cell 
containing liquid saturated particulate layer in the 
work coil, switching on the power to the coil and 
recording the rate of temperature rise at different 
locations in the particulate layer. Using a lumped 
capacity method, the local heat generation rate in the 
particulate layer was determined as 

Q, = (mpcpp + m,c,,) g/AV (36) 

where AV was the differential volume of the porous 
layer of height AH. The rate of heat generation 
generally varied in the axial direction being maximum 
in the middle and lowest at the top and bottom. A 
typical distribution of the volumetric heat generation 
rate in the vertical direction is plotted in Fig. 3. While 
plotting, the heat generation rate has been non- 
dimensionalized with the vertically averaged heat 
generation rate. Maximum uncertainty in the (local) 
heat generation rate is expected to be less than + 3.5%. 
The heat generation profile such as shown in Fig. 3 was 
used to set the constants A and B in the expression for 
the heat generation rate for the regions above and 
below the plane of maximum heat generation rate. 

After calibrating the heat generation rate, the power 
was switched off and water was allowed to flow 
through the porous layer until the particles, the liquid 
and the environment reached thermal equilibrium. 
The water flow rate was then stopped. The zero 
reading of the manometer was adjusted with water 

filling the porous layer. Thereafter the flow rate was 
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adjusted to a desired value and single phase pressure 
drop through the porous layer was measured. This 
observed pressure drop was found to compare quite 

well with that obtained by using Kozeny-Carman 
relation (4). The power to the work coil was switched 
on and the system was again allowed to reach a steady 
state. The temperatures at various locations in the 
particulate layer were measured. The flow rate of 
liquid separated at exit was determined and was used 

to evaluate the quality, x,, as 

X, = 1 - (ti,Jriz,). (37) 

The manometer reading was noted for the pressure 
drop across the porous layer. The above procedure was 
repeated for different exit qualities by varying the inlet 
flow rate while keeping the total input power constant. 

In a few experiments in which vapor channels were 
observed to form, photographs of the top of the porous 

layer were also taken. 

Data reduction 
The temperatures at different locations in the 

porous layer were evaluated from their traces on the 
recorder. The temperatures in the single as well as the 
two phase region were observed to fluctuate a few 

degrees about the mean value. However, uncertainty in 
obtaining these temperatures should be less than 
fO.YC. The sum of friction, acceleration and hy- 
drostatic pressure drops in the boiling region was 
determined by subtracting from the observed pressure 
drop, the calculated single phase pressure drop in the 
non-boiling region. Although uncertainty in the obser- 
ved pressure difference in most of the experiments is 
expected to be less than + 11.5%, yet in a few of the 

experiments in which the observed pressure difference 
was only a few millimetres, the uncertainty could be as 
high as *50x. The uncertainty in the total pressure 
drop is less than (+ 11.5%) the uncertainty in the 
observed pressure difference since zero of the mano- 
meter accounted for the hydrostatic head of the porous 
layer saturated with liquid. The error in measuring 
quality of the mixture at exit is expected to be less than 
f7.1%. An energy balance based on the observed 
quality was also made and found to compare within 
about f 15% of the heat generated in the porous layer. 
The data about diameter and number of channels were 

obtained by viewing the photographs in a slide micro- 
scope with a magnification of 10-70. 

RESULTS AND DISCUSSION 

A total of 30 experimental runs were made. The 
pressure drop across the volumetrically heated porous 
layer was measured in all of the runs while temperature 
histories and vapor channel parameters were obtained 
only in representative experiments. In these experi- 
ments, the particle sizes studied were 59&790pm. The 
porous layer heights were varied from 9.0 to 81.3 cm. 
The layer porosity in all of the experiments was about 
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FIG. 4. Comparison of predicted and observed temperature 
profiles along the direction of flow in the volumetrically 

heated porous layer. 

0.4. The volumetric heat generation rate in the solids 
wasvaried between 1.44 and 44.0 W/cm3 while the flow 
rate of water was adjusted between 510 and 18200 
kg/m* h. Complete details of these data are given in 

c71, 

Temperature distribution 
A typical temperature distribution obtained in a 

10 cm deep porous layer of 3175 pm dia. particles is 
shown in Fig. 4. In this case water temperature at inlet 
was 22°C while the flow rate was 0.14 kg/m%. About 
40°C temperature rise is observed to occur in the non- 

heated filter and is indicative of the axial conduction 
through the filter. In the single phase region, the 
temperature of the porous layer and the liquid is 
observed to increase non-linearly in the vertical direc- 
tion. When the liquid reaches its saturation tempera- 

/ 
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- Dbser”o+lQn 

x, = 088 

Flow Role=504 kg/m*hr 

I I,, 

04 06 08” 0 0.2 04 06 0.8 
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a 

FIG. 5. Comparison of predicted and observed temperature 
profiles along the direction of flow in the volumetrically 

heated porous layer. 



548 A. S. NAIK and V. K. DHIR 

ture and boiling begins in the particulate layer, the drop less than unity) reaches a minimum value and 
temperature of the porous layer remains nearly con- then increases again. The magnitude of the dimension- 
stant. In Fig. 4, the temperature distribution obtained less pressure at local minima depends both upon the 
by solving the energy equation (12) is also plotted. It is exit quality and the flow velocity. At low flow velo- 
noted that the predicted temperature profile compares cities, the total pressure drop being less than unity 
quite well with the data. The predicted temperature in implies that reduction in the hydrostatic head due to 
the single phase region shows less non-linearity than presence of vapor bubbles in the porous layer over- 
the observed temperature. The reason for this can be compensates the friction pressure drop. A positive flow 
the uncertainty in the local heat generation rates used rate through the porous layer can thus be maintained 
while integrating the energy equation. The predicted by a liquid cohunn of height equal to the boiling region 
and observed temperature profiles in a 20cm deep of the porous layer. At higher flow velocities reduction 
layer composed of 590-7OOgm dia. particles are in the average density of the two phase mixture is 

shown in Fig. 5 for exit qualities of 0.26 and 0.88. The unable to keep up with the increased two phase friction 

agreement between predicted and observed tempera- drop and the total pressure drop again becomes 
tures is again quite good. The observed mean tempera- positive. The data of Fig. 6 also show that for a given 

tures in the two phase region is a few degrees higher pressure drop more energy can be removed at lower 

than saturation temperature because of larger flow velocities because the product Grx, decreases with 
superheat experienced by smaller particles. increase in flow velocity. 

The temperature data plotted in Figs. 4 and 5 show 
some variability about a mean value. The higher value 
probably corresponds to the particle temperature 
while the lower temperature is that of the fluid. The 
range of variability in the single phase region is larger 

than in the two phase region. Figures 3 and 4 also 
show that the extent of the two phase region increases 
with increased quality or increased heat generation 
rate in the particles. 

Since the total two phase pressure drop for a given 
mass flow velocity is observed from Fig. 6 to depend 
only upon exit quality and the total two phase pressure 
drop obtained by integrating equation (28) can be 
based on the average void fraction in the boiling 
region, the functional dependence of the local void 
fraction upon the local quality is postulated as 

Two phase pressure drop in large diameter particles 
(d, > 16OO~m). The total two phase pressure drop 

non-dimensionalized with hydrostatic pressure of 

saturated water layer of height equal to the boiling 
region when plotted as a function of exit quality 
showed [7] that within uncertainty of measurements, 

the pressure drop was independent of layer height and 
diameter of the jar. This observation which is valid 
only as long as the jar diameter is greater than 10 times 

the particle diameter simplified considerably the cor- 
relation of the data with other parameters. 

The dimensionless two phase pressure drop is 
plotted in Fig. 6 as a function of liquid velocity. The 
data for a given quality can be represented by a single 
curve drawn through mean of the data. These curves 
show that for aconstant exit quality, the pressure drop 
decreases with flow velocity (dimensionless pressure 

a = xm. (38) 

The form of equation is also consistent with the 
requirement that a = 0 at x = 0 and a = 1 at x = 1. 
Using a given by equation (38) equation (28) is 
integrated to determine for different flow rates and 
heat generation rates, the total pressure drop in the 
boiling region of a porous layer. The value of the 
exponent, m, which results in the calculated pressure 
drop to be equal to the observed pressure drop is then 
determined. Figure 7 shows a plot of m as a function of 
inverse mass velocity for porous layers composed of 
3175 and 4763 pm dia. particles. All of the values of m 
representing all the exit qualities and the porous layer 
heights studied are correlated within + 50% as 

m = 0.359 + 6266; ‘. (39) 

In equation (39), G,, is the mass velocity in kg/m2 h. 
Figure 8 compares the observed two phase pressure 

drop with the pressure drop predicted by using the 
exponent, m, given by equation (39). To test thevalidity 
of the predictions, Fig. 8 contains not only the data for 
3175 and 4763pm dia. particles but also the data 
obtained with 1588 pm dia. particles. The predicted 
pressure drop for all the 89 data points plotted in Fig. 8 
lie within + 38% and - 28% of the observed pressure 
drop. The root mean square deviation of the predicted 
pressure drop from the observed pressure drop is 
+ 15.1%. 

FIG. 6. Dimensionless total pressure drop in porous layer 
containing 4763 pm dia. particles. 

Two phase pressure drop in small diameter particles 
(dp < 16OOpm). Visual observations showed that in 
porous layers composed of 590 -790 /irn dia. particles 
vapor escaped in the form of channels or tunnels 
located discretely in the porous layer. The vapor 
channels were free of particles but a few times liquid 
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FIG. 7. Correlation of exponent m with inverse mass 
velocity. 

droplets were observed to eject out of these channels. 
The photograph in Fig. 9 shows a typical top view of 

the vapor channels at exit of the two phase mixture. 
Considerable information on the physical parameters 
pertaining to vapor channels has been generated from 
photographs such as shown in Fig. 9. The channel 
diameter at exit has been found to vary between 1.9 
and 4.1 mm. The fractional area of the porous layer 
occupied by vapor channels at exit has been observed 

to vary between 0.08 and 0.28. For a given quality, the 
area occupied by the channels is observed to decrease 
slightly with increase in height of the porous layer and 
is nearly independent of the exit quality. The vapor 
channel diameter, d,,, at exit and the number of 
channels per unit cross-sectional area of the porous 
layer, N, are correlated with exit quality and height of 
the two phase region as 

and 

d,, = 0.26~;.‘~ (H - z,)‘.” (40) 

N = 4.29~;O.l~ (H - z,)-O.~~ (41) 

In equations (40) and (41), d,, is measured in 
centimetres. 

The two phase pressure drop in porous layers 
composed of 590-790pm dia. particles when non- 

9, 
Y n 

I dp = 1588 pm 

B B--dp=3175pm // 

:: rdp=4763pm 
TOTAL NUMBER OF +38-/s, 

/I 
; 7 - DATA POINTS = 89 , 

w 

f” 6 

NUMERALS INDICATE ,/ 
NUMBER OF DATA /’ 

wG 
POINTS 

2 x5- 

h” 
E 

9 s+ /I + 2 i ,’ 

$ 43 
,‘I. , 

,’ J 

0 0123456789 
OBSERVED TOTAL TWO PHASE PRESSURE DROP 

APi. N/m2 X IO3 

FIG. 8. Comparison ofpredicted and observed total two phase 
pressure drop for 1588, 3175 and 4763 pm dia. particles. 

FIG. 9. Vapor channels as observed in a porous layer 
composed of 59CL790pm dia. particles. 

dimensionalized with hydrostatic head of satur- 
ated water layer of height equal to a boiling region did 
not show any dependence on the height of the boiling 
region. This behavior is similar to that observed earlier 

for large diameter particles. Figure 10 shows a plot of 
dimensionless two phase pressure drop as a function of 

the mass velocity, G,. It is noted that data for a given 
exit quality can be represented by a single curve. The 
mean curves drawn through the data show that the 
dimensionless pressure drop increases nearly as square 

dp = 590-790 rm 

0 xe = 0 IO 
n x,=030 
o Xe = 0.60 
0 X,=060 

I I I , 

3 6 9 I2 I! 

Mass Velocity of Two Phose Mixture, 

Gf , kg/m2 hr x 103 

FIG. 10. Dimensionless total pressure drop in a porous layer 
composed of 59G790pm dia. particles. 
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FIG. 11. Comparison of observed total two phase pressure 
drop with that predicted by the channeled flow model for 

590-790pm dia. particles. 

of mass velocity. The data plotted in Fig. 10 can be 
correlated within +20% as 

AP 
t = 1 + 1.27 x 10-6~x~~71G~.s 
AP, 

for G, 5 lo4 kg/m* h. (42) 

It can be seen from Fig. 10 or the correlation equation 

(42) that for a given pressure drop the product x,G, is 
higher at lower values of G,. This suggests that more 
energy can be dissipated at lower mass velocities since 
the product .xeGr is proportional to the energy removed 
from the porous layer. This observation can be of 
significant importance in assessing the coolability of a 
degraded core of a nuclear reactor when the core is 
assumed to behave as a porous layer of small particles 
such that vapor channels form in the core. 

H=lO cm 

- Channel Flow Model 

o Observation 

l 2 3 4 5 

Particle Dmmeter, dp, pm x IO 3 

FK;. 12. Comparison of total two phase pressure drop 
predicted by various models. 

The total two phase pressure drop predicted by 
using the model and procedure described for small 
diameter particles in the section on analysis is plotted 

in Fig. 11 against the observed pressure drop. The 
predicted pressure drop is obtained by taking the 
constant co in equation (31) to be 3200. The predicted 
pressure drops lie within + 70% and - 32% of all the 
two phase pressure drop data obtained with 
590_790/tm dia. particles. Only a few data points at 
very low flow velocities lend to such a large deviation as 
the root mean square difference between the predicted 
and observed pressure drops is *25.5”/$ For the 
maximum flow velocity and exit quality studied, the 

Reynolds number at exit of vapor channels is found to 
be 1100. This justifies our assumption of laminar flow 
in the vapor channels. 

The total two phase pressure drops predicted by the 
homogeneous and the channeled flow models are 

plotted in Fig. 12 as a function of particle diameter. 
The predictions are made for a 1Ocm deep porous 
layer with a massvelocity of 9800 kg/m’ h, exit quality 
of 0.35 and exit pressure of 1 atm. Water entering the 
porous layer with a subcooling of about 78”C, reaches 
the saturation temperature at 2.9 cm from inlet. In this 
figure the total pressure drop obtained by minimizing 
the pressure drop with respect to void fraction is also 

plotted. For particle diameter less than 2OOOpm. the 
pressure drop predicted by channel flow mode1 is less 
than the homogeneous model. Evidently the smaller 
pressure drop given by the channel flow model is a 

result of formation of vapor channels which are free of 
particles. As the characteristic dimension of the in- 
terstitials increases with the particle diameter, the 
advantage gained by formation ofchannels diminishes. 
The channel flow model predicts slightly higher total 
pressure drop than the homogeneous model for par- 

/ I / I 

I 2 3 4 5 

Particle Diameter, dp, pm x IO 3 

FK;. 13. Comparison of two phase friction pressure drops 
predicted by various models. 
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title diameters greater that 25OO~m. The total pres- 
sure drop based on minimi~tion principle is much 
less than that given by homogeneous and channel flow 
model when the particle diameter is greater than 
2~~rn. For particles smaller than learn, the 
pressure drop based on minim~~tion principle is much 
higher than that predicted by the channel flow model. 

Figure 13 shows the friction pressure drop obtained 
by subtracting the hydrostatic head from the total 
pressure drop plotted in Fig. 12. In Fig. 13, the friction 
pressure drops given by Vasiiiev and Maiarov’s [6] 
models I and II are also plotted. For particle diameter 
greater than 2OOOpm, the pressure drop predicted by 
all the models except Vasihev’s model II fall within 
20% of each other. The channel flow model gives the 
lowest pressure drop for particles smaller than 
1OOOpm dia. The pressure drop predicted by the other 
four models are SO-300”/, higher than that predicted 
by the channel flow model when the particle diameter 
is 600 pm. The friction pressure drop given by Vasiliev 
and Maiarov’s model II is several times higher than 
that predicted by the other four models. 

CONCLUSIONS 

(1) Data for temperature distribution and pressure 
drop in volumetrically heated porous layers of 
590-790,1588,3175 and 4763 /irn dia. particles cooled 
by forced flow evaporation of water have been 
obtained. 

(2) The observed temperature distributions in the 
single and two phase region are found to compare well 
with the predictions. 

(3) Vapor channels are observed to form in porous 
layers composed of particles with diameter less than 
16OOgm. The total two phase pressure drop in these 
layers is observed to increase with flow velocity and 
exit quality. 

(4) In porous layers of larger particles (d, = 3175 
and 4763pm) vapor moves through the interstitial 
spaces. Depending upon the flow velocity the total 
pressure drop through the porous layer can be less 
than or greater than the static head of saturated liquid 
layer of height equal to the height of the boiling region. 

(5) Semi-theoretical models have been developed to 
describe the two phase pressure drop in smah and large 
diameter particles. The predicted pressure drops com- 
pare well with the observed pressure drops. 
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ECOULEMENT FORCE D’UN REFRIGERANT SEVAPORANT DANS UNE COUCHE 
POREUSE CHAUFFEE DANS SON VOLUME 

R&sum&-On ~tudieexp~ri~ntalement la monteeen temperatureet la chute de pression dun refrigerant qui 
s’evapore en passant a travers une couche poreuse chauffee dans son volume. Les donn&ss experimentales sur 
la distribution de temperature et sur la chute de pression dans la direction de I’ecoulement sont obtenues pour 
de I’eau s’ecoulant $ travers des couches de particules d’acier chauffees par induction. Des particules 
spheriques d’acier variables en taille de 590pm I 4763 pm sent utilisees pour former des couches poreuses 
dans des colonnes de verre de 5 i 1Ocm de diametre. Dans ces experiences les mesures sont faites pour des 
epaisseurs de couche variant entre 9 et 81 cm, des sources volumetriques de chaleur entre 144 et 44 W cme3 
et des debits massiques d’eau entre St0 et 18200 kg m-* h-r. 

Un modele theorique pour le profit de temperature dans le domaine liquide diphasique est propose et il 
s’accorde bien aver les mesures. Des canaux de vapeur sont observes dans les couches poreuses de particules 
ayant des diametres inferieurs i 16OO~m. Des modeles semi-thtoriques sont developpes pour la chute de 

pression en diphasique pour les particules plus petites ou plus grandes que 16OO~m. 
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VERDAMPFUNGSKUHLUNG EINER VOLUMETRISCH BEHEIZTEN POROSEN SCHICHT 
BEI ERZWUNGENER STROMUNG 

Zusammenfassung--In dieser Arbeit wird tiber experimentelle Untersuchungen der Temperaturerhohung 
und des Druckabfalls eines verdampfenden Kuhlmittels, das durch eine volumetrisch beheizte porose Schicht 
stromt, berichtet. Temperatmverteilung und Zweiphasen-Druckabfall in Stromungsrichtung wurden fur 
Wasser, das durch induktiv beheizte Stahlpartikel-Schichten striimt, experimentell ermittelt. Die porosen 
Schichten wurden aus Stahlkugeln der Gr60e 590 bis 4763 pm in Glaskolben mit 5 und IOcm Durchmesser 
gebildet. Die Tiefe der Schichten war 9 bis 81 cm, die volumetrische Heizleistung I,44 bis 44,0 W/cm3 und die 
Massenstromdichte des Wassers 510 bis 18,200 kg/m* h. 

Fiir das Temperaturprofil im Fliissigkeits- und im Zweiphasengebiet wurde ein theoretisches Model1 
erstellt und in guter Ubereinstimmung mit den Messungen befunden. In porosen Schichten mit Partikel- 
Durchmessern unter 1600pm wurde die Bildung von Dampfkanllen beobachtet. Fur den Zweiphasen- 
Druckabfall bei Partikeln mit Durchmessern, die kleiner und grol3e.r als 1600wm waren, wurden getrennte 

halb-theoretische Modelle entwickelt. 

fIPMHYAMTEJIbHOE MCHAPMTEJIbHOE 0XJIA)ICAEHME OEBEMHO HAFPEBAEMOFO 
fIOPMCTOF0 CJIOIl 

AHHOTB~I~ - IIpoaeneeo 3KcnepehieHranbiioe HccnenoBaHHe pocTa reh4nepaTypbI H nepenana nasne- 

HHI~ npe Te9emui Bcnapnlomeroca rennonocnrens a 06ae~no narpeaaervrohi II~~H~TOM cnoe. 3Kcnepw 

MeHTanbHble naHHbre no pacnpeneneHm0 TebmepaTyp u nepenany nawreiiw B nsyx@asHoM noToKe no 

Hanpaenemwo TeqeHw nonyYeHbr nnn cnyqan BOJW. TeKymeR repe3 cnow mInyKTHBH0 Harpesaehibrx 

cTanbHb*x qacrriu. B xaqecrae Marepnana ana nopscrbtx cnoes wnonb30BanHcb c+epesecree cTanb- 

Hble ‘faCTHUb pa3MepOM OT 590 MKM a.0 4763 MKM, KOTOpble uOMeU(anl(Cb B CTeKnRHHble COCyAbl 

nnahfeTpoM 5 n IO CM. Mccnenoeanecb cnok3 my6sHofi OT 9 no 81 CM. nnOTHOCTb -rennoBbuv2newiz4 
n3MeHRnacb OT I.44 no 44,0 BT/cM~. a h4accoBaR cKopocTb TeqeHuR ~ B mana3oHe 5 IO- 18200 
Kr/M’ Y. 

npemoxesa TeopeTsqecKaa Monenb nns 0npeneneHHa npoaenn reweparyp B xbtnKocT~ A nayx- 
@asnoti o6nacrw n HaicneHo, qT0 owa xopou~o CornacyeTcn c pe3ynbTaTaMIi HsMepeHFiir.. HaBneHo, 

ST0 B noprrcTb,x cnonx qacTw nsaMeTpoh4 MeHee 1600 MKM o6pa3ytoTcn naposble KaHanbr. Ilpen- 

cTasneiibl TaKme nony3MnspuqecKHe MonenA nnn pacqera nepenana naanennx a aayx@a3uoM noToxe 
nJis ‘,aCTHU nHaMeTpOM MeHbme I( 6onbme 1600 MKM. 


