REVIEWS

HEAT TRANSFER AND STABILITY FOR A MOVING COOLANT EVAPORATING
IN A POROUS CERMET

V. A. Maiorov and L. L. Vasil'ev - UDC 532.685:536.24

Transpiration cooling takes on some new features if a liquid coolant is employed that
evaporates within the pores; the cooling is markedly enhanced by the latent heat of evapora-
tion, while the heat transfer within the porous material is very rapid, and the volume of
liquid required is small. Also, low temperatures (including cryogenic ones) can be obtained.

The main principles of the method were known 40 years ago (see [1, 44] for the early
years), but extensive use of the technique was delayed until recently even for compact heat
exchangers on account of the very considerable complexity and instability of the processes.

Physical and Analytical Models. Figure 1 shows models [2, 3] for evaporative liquid
transpiration cooling; the liquid coolant at an initial temperature to is forced by the pres-
sure difference Po — P: through the heated porous wall. The pressure falls as the liquid moves
while the temperature rises; at some distance L from the inlet, the saturation state is at-
tained, which is followed by gradual evaporation over the length LK and displacement of the
superheated vapor over the part K§ within the porous plate. )

There are thus three regions of motion (liquid, two-phase, and vapor), whose boundaries
are unknown and have to be determined. The conditions for thermodynamic equilibrium may be
met at the boundaries, or (in the more general case) the conditions for thermodynamic dis-
equilibrium between the temperature and pressure of the coolant.

Various assumptions are made by the treatment: the process is one-dimensional and sta-
tionary, the physical parameters of the porous material are constant, the enthalpy of the
coolant at the start is equal to that of the liquid, while the enthalpy at the end of the
evaporation region is that of the saturated vapor at pressure P; at the start of the evapora-
tion region, the homogeneous two-phase flow in the evaporation region has the constant satura-
tion temperature tg(P7) occurring at the start of the evaporation region, the physical param-
eters of the liquid and vapor phases of the coolant are constant and correspond to saturation
at the pressure P; of the surrounding medium, the heat transfer by conduction through the
coolant is negligible, the capillary pressure in the evaporation region is small by compari-
son with the total pressure difference across the plate, and the coolant flow rate does not
exceed the critical value,

The model of Fig. la is then described by the following equations:
1) equation of continuity
G = const; 1)

2) equation of motion for the single-phase coolant in the porous material, viz., a modi~
fied Darcy equation:

dpP
— = = oG + oG (2)
| 7 p p
3) heat-conduction equation in the evaporation reqion:
d2T ©odi ]
A 2 =k (To—1t)=G ; 3
472 o (T2 2) az (3)

4) equations describing the distributions of the temperatures T3 of the material and tj
of the coolant in the regions of single-phase flow:

d*T; i .
M Ty “)
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Fig. 1. Models: a) with external heat input
[2]; b) with bulk heat production [3]; I) lig~
uid- flow; II) evaporation region; III) vapor
flow.
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= h’u (T3 —1t) (5)

5) dimensienless equation for convective heat transfer in the single-phase coolant with-
in the material:

: .
Nu; = 3.5.1073 Re;Pry; - Nuy == 'i{iﬁw; Re; == Gifr) (6)
: ‘ ‘ A; ¥y
subject to the boundary conditions

Z=1L fi"*‘_‘fzz‘ts(Pz){ ‘ Ti—t =T, —1t = ATy;

AT dT .
Ak = } R = G (P) — s (N
L 1 (P — clo
. ~ ~ .. dT, dT
Z=K b=ti=t,(P) To=Ts b2 =3 T =Gl (P)—cti (8
Z=06 P=Pj Ta<T*. (9)

Here G is the specific mass flow rate; o and 8, viscosity and inertial coefficients repre-
senting the resistance of the porous material; v, specific volume; hy, volume expansion coef-
ficient; T**, maximum permissible temperature for the porous material; Ty = Tas ty = ty; ¢cj =
e's Pry = Pr'; Ay = A'; ugy = u' over the liquid part of the path (0 < Z < 1) and Tj = Ts;
tj = ts; cj = c"; Pry = Pr";»kjw= At uy = u" on the vapor part (K < Z < 8); Ffurther, single
and double primes relate to the parameters of the liquid and vapor in the state of saturation
at pressure P;.

A similar model has been used for the cooling of a porous heat-producing rod [3].

If the thermal conductivity of the porous material is comparable with that of the coolant
(e.g., combination of porous ceramic with a liquid or of porous metal with a liquid-metal cool-
ant), one has to incorporate the heat transfer by conduction through the coolant. Then (5)
is replaced by

%4
my i
iz

where Il is the porosity of the material.

di; {(10)
) = Gei ,
+ h, (T; — ;) = Gcj iz

The frictional resistance for a two-phase flow has been calculated {2, 3] for a homo-
geneous model, on the basis of (2), in which the physical parameters of the mixture dependent
on the mass content x of the wvapor are substituted into (2)., The specific volume is uniquely
related to the latter quantity:

v="0v +x( —7v), (11)

while the following expressions define the effects of the kinematic viscosity v = uv on the
final results: ,
'V[ :vf __;_“x(vﬂ‘_;_vrf); » (12)
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Therefore, this transpiration cooling involves a variety of largely unexamined problems:

1) laws of resistance and heat transfer for a single-phase coolant moving in a porous
cermet;

2) thermophysical parameters of porous materials;

3) detailed mechanism and the resistance and heat-transfer laws for a two-phase flow in
such a material; and

4) stability of the evaporative cooling.

The general position becomes clear if one bears in mind that even the relatively simple
case of gas transpiration cooling is a relatively new division of heat transfer that is only
now beginning to develop; data are being accumulated on the first two of the above problems.
See [4] for a fairly detailed survey of the available data on resistance, heat transfer,
flow effects, and the influence of gas compressibility for a one-phase coolant moving in a
porous cermet, including results on stability for gas transpiration cooling. To a first ap-~
proximation, we can assume that the heat transfer for a single-phase coolant in a porous metal
has been examined in some detail, and in particular that (6) represents a generalization of
equations derived when the parameter B/o is used as the characteristic dimension of the porous
structure,

Measurements on Liquid Transpiration Cooling. Very few detailed results have so far
been obtained on the mechanisms and quantitative characteristics of the heat transfer and
resistance under these circumstances, especially as regards the stability; the main reason
is that the various problems are very closely related, since measurements can be made on the
evaporation mechanism only for a stable system, while one can create a.stable system only if
the resistance and heat-transfer laws are known. The instabilities encountered in the early
experiments discouraged research for a long period. Also, there are major difficulties in
researching evaporation in a porous material, and this applies to many such studies on such
materials.

Table 1 collects the available evidence on the conditions used in experiments; although
it might appear that there is an abundance of papers, it has not proved possible to extract
any major data on the evaporation mechanism. There are many reasons for this. For example,
the major efforts were directed elsewhere in various studies. An instance is that of [9, 18],
where measurements were made on the effects of coolant injection on the external convective
heat transfer. In [42] there was an excess flow of collant designed to produce film cooling
on the porous wall of the combustion chamber of a liquid-fueled rocket motor, as well as on
the latter part of the solid nozzle wall. It is also widely assumed that there is a critical
coolant flow rate above which the temperature of the outer surface of the porous wall remains
near or below the saturation temperature of the coolant, whereas at lower flow rates the sur-
face temperature rises rapidly and fluctuations in temperature, pressure, and flow rate be-
gin to appear [6, 8, 9, 18]. In every case, the experiments were halted when the evaporation
region receded into the porous wall. There is also a restricted group of papers {7, 10, 11~
13, 14-17, 19] in which the evaporation was allowed to extend to some distance within the
wall, alrhough the coolant flow pattern was examined visibly only in [7, 15, 17]. '

The most detailed studies on the evaporationmechanism in a porous heat-producing material
appeared to be those of [15]; three distinct ranges occur in the relation between the outer
surface temperature and the coolant flow rate for a constant rate of heat production in the
wall (Fig. 2a).

In region I (high mass flow rates) there is single-phase flow, and the temperature of the
outer surface and the temperature of the liquid on emergence are below the saturation point,
although the latter is approached as the flow rate is reduced.

In region II a liquid—vapor mixture emerges from the wall; the hydraulic'resistance in-
creases as the proportion of vapor rises, and premature damage may be prevented and the flow
rate may be controlled by doubling the initial pressure difference. The temperature of the
two-phase mixture at the outlet remains constant at the saturation temperature. The point of
onset of evaporation moves into the wall as the flow rate falls.

The temperature of the outer surface then exceeds the saturation temperature by mnot more
than 3-10°C for bulk heat-production rates in the range qy = (4.5-14) - 10° W/m®.
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In region III a two-phase mixture emerges from the wall, which is a flow of vapor con-=
taining drops of liquid; the uneven permeability of the plate causes the onset of evapora-
tion to occur in places at the inner surface, which is accompanied by local boiling, with
consequent fluctuations in pressure and flow rate. The wall temperature then rises rapidly
on account of inadequate cooling. This mode does not allow of calculation.

Much larger rises in the outside surface temperature were observed [19] in convective
heating of the wall (Fig. 2b). Here the temperature of the outside surface rose sharply to
700°C on going from region I to regiom II.

Therefore, in bulk heat production [15] and in external convective heating [19] it has
not proved possible to produce conditions under which the two-phase flow evaporates complete-
ly within the porous material and the coolant escapes as superheated vapor while the region
of onset of boiling lies within the porous wall. 1In [15] stable conditions were produced
only with a two-phase mixture with a vapor content not more than 407 by mass. One of the
reasons for this was the small thickness of the porous nichrome wall: § = 0.5, 1.4, and 5 mm
in bulk heat production, or § = 2.5 mm in convective heating. In these systems, the extent
of the evaporation range was greater than the wall thickness. Also, inhomogeneity in the
material had a marked adverse effect on the results.

Figures 2b and 3 show clearly that higher heat inputs cause a marked rise in the sur-
face temperature (Fig. 3) and ultimately a jump in the surface temperature (Fig. 2b) as a re-
gion of onset of evaporation penetrates into the wall. 1In the case of Fig. 3, the rise in
surface temperature was restricted by the temperature of the external flow.

Detailed visual observations were reported in [17]; the basic working conditions in a
system with radiative heating was chosen such that the coolant began to boil on the inner
surface of the wall. The escaping vapor was accompanied by minute droplets of liquid. Underr
these conditions, there were frequently pressure fluctuations in the system. Visual examina-
tion showed that the pressure increased when vapor bubbles appeared and grew on the inner
surface. The pressure then fell sharply as the bubbles collapsed into the porous wall, and
the process repeated with a period of about 6 min.

A somewhat different picture of the completion of evaporation was observed in [7]; here
a boiling film evaporated. Areas of dry surface were exposed as the flow rate was reduced,
but there were no pressure fluctuations in the system.

Stability in Transpiration Cooling. Instability is the most undesirable and hazardous
aspect of transpiration cooling; such a system is aperiodically unstable (particularly in
evaporative transpiration), since some slight deviation from the steady state results in the
absence of any other nearby steady state, and large monotone variations can occur.

The instability in evaporative cooling does not allow one to stabilize the position of
the evaporation region within the porous material, It has been found {14} that minor varia=
tions in the process parameters result in uncontrollable displacement of the onset of evapo-
ration from the outer surface to the inner one, which is accompanied by change in the liquid
flow conditions, with superheated vapor emerging in some areas. If the heat loading is heavy,
this can result in damage to the porous wall, while at low heat loads there is a considerable
rise in the temperature of the outer surface, which is followed by oscillation.

Figure 4 shows the data of [17], which indicate the temperature variation during gradual
"spontaneous movement of the start of evaporation towards the inner surface (as governed by
equations (1) and (2)) and emergence on the inner surface as given by (3) for moderate exter-
nal heat input. Table 2 gives the working parameters and the calculated results, where T is
the time from the start of heating. The coolant flow rate was kept constant. The latter con-
dition was the basic one for operation with this equipment, namely with boiling at the inmer
surface. - The density of the external heat flux used in the calculation was about 66% of the
observed value (the experiments showed that only 60~80% of the incident radiation flux waa
absorbed by the outer porous surface).

The physical nature of the instability in {16, 23] is that the resistance of the porous
material to the flow of vapor is very much greater than that to the flow of liquid, so any
slight shift in the position of evaporation within the material causes an appreciable change
in the resistance, and this causes a substantial change in the flow rate for a constant pres-
sure difference. This can continue until the point of onset of evaporation lies outside the
porous material.
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Fig. 2. Temperatures T, and Tz of the outer and inner surfaces of a porous wall
in relation to coolant flow rate: a) with bulk heat production [15] for § =
1.4 mm, qy = 4.5 + 10® W/m®; b) with external heat input [19] for & = 2.5 mm;
T, °C; G, kg/m*‘sec.

Fig. 3. Effects of temperature to of a gas flow of constant speed u, = 10
m/sec on the temperature of the outer surface of a porous wall in relation to
the relative coolant flow rate G/pwole [18]: 1) te = 100°C; 2) 200; 3) 300; 4)
400; 5) 500; 6) 600.

These physical arguments have been used in a method of improving the stability by means
of an additional internal layer of porous material having a higher resistance. This sets up
a large pressure difference, and consequently the resistance change due to displacement of
the evaporation region within the outer layer is comparatively slight and does not affect the
flow rate appreciably. Implementation of this idea has provided a stable system [10, 16].

Figures 5 and 6 show some experimental data [10, 16] in which a system with this type
of design was used, in which there were outer and inner cermet porous walls with insulating
material between. Stable evaporation occurred in the insulating layer. A narrower defini-
tion of stability was used in [10], which applied only for efficient use of the coolant (pro-
duction of superheated vapor), so the stable emergence of a two-phase mixture in Fig. 5 was
termed metastable, since the apparatus could work for a long period in this state.

It was also pointed out [10] that the considerable pressure difference across the inner
layer not only provides conditions for good flow-rate control but also suppresses inhomogene-
ity din the coolant flow arising from gravitational forces and accelerations occurring in the
inhomogeneous porous structure, along with any effects from nonuniform distribution of the
external pressure and possible pressure pulsations arising from evaporation within the porous
structure, The large pressure difference also reduces the evaporation thickness on account
of the more rapid decrease in the saturation temperature and the increase in the superheating
of the two-phase mixture.

The results of [17] are of interest, since they relate to a very small pressure differ-
ence across the wall: Py — P, = 0,01-0.03 bar. The inhomogeneity of the wall is very promi-
nent in this case, and this can often lead to local breakthrough of liquid jets. Moreover,
the pressure difference across the wall was comparable with the capillary pressure AP = 20/r,
and the data may be processed in terms of the dimensionless parameter R = ré{auvG + BvG*) /20,
namely the ratio of the pressure difference across the wall to the capillary pressure, to show
that the stable states correspond to R > 1 and the unstable ones to R < 1. This means that
even capillary forces can be a cause of instability in the capillary region if the pressure

difference is so small as to be comparable with the capillary pressure.

Thermal protection by tramspiration is best performed with a two-layer wall [10, 23];
the inner layer is of low porosity and constitutes the load-bearing part of the structure,
so the pressure difference across this is sufficient to ensure efficient control. The outer
protective layer is a heat-resistant material of high porosity and low thermal conductivity,
which is also chemically inert to the coolant and to the external flow. This protects the
inner layer from the high temperature and provides the conditions for complete evaporation
and for superheating of the resulting vapor.

Improved stability due to an inert layer has also been observed in transpiration cooling
in the presence of bulk heat production [11]; recent studies [12, 13] have dealt with the ef-
fect on the stability, from the thickness, porosity, and material of this layer. The most
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Fig. 4. Changes in temperature distribution in porous material {solid lines) and
in coolant (broken lines) as point of onset of evaporation approaches the inmner
surface of a porous wall [17]; for explanation see Table 2.

Fig. 5. Flow rate for water in relation to density of absorbed external heat flux

in the stable state [10]: I) metastable range; II) stable range; III) unstable range
with rapid wall superheating; 1) superheated steam, 1090°C; 2) dry saturated steam,
100°C; G/4.88, kg/m®-sec; q » 107*/1.13,W/m®.

Fig. 6. Temperature of outer surface as a function of heat-flux density in the
stable state [16]: I, I1I) unstable regions; I1) stable region; ¢) saturation tem—.
perature,

TABLE 2. Data of [17] from Fig. 4

Theoretical results _ Observed results
Parameters
H 2 3 7 1 i
7, min - — - 70 | 1,5 | 17,5
G-10°
- 52‘;85_& 9,38 | 938 | 938 | 938 | 938 | 938
_le%}‘_, w_ 10,71 | 10,81 | 10,87 | 16,25 | 16,25 | 16,25
, m
(Pngg)"os . bar 0,15 | 007 | 000 | — — -
_(!ﬁ_;&tﬁ’f_, ar | 19,87 | 2006 | 20,06 | — — -
54
L”L—Q_’gl)'ﬂ, ar | 59.41 | 84,10 | 10748 | — - —
54
Jﬁ%’}ﬂ”’_,bar 79,44 | 104,22 | 128,14 | 11,20 | 8,20 | 7,40

important result is that it was possible to make a stable system consisting of a porous heated
plate of thickness 0.33 mmand an additional unheated plate of stainless steel of thickness

3.2 mm. The start of the evaporation zone lay within the additional plate, while superheated
vapor emerged from the heated one. However, the general design is closer to that of a trans-
piration system with external heat input.

The above shows that the additional internal layer of elevated resistance stabilizes
evaporative cooling; this was an experimental discovery, but for a long time it lacked an
appropriate theoretical explanation that would enable one to define the optimum combination
of parameters for the two layers.

Analytical Examination of Evaporative Cooling in a Porous Wall with External Heat Input..
The first theoretical studies [14, 24] were very similar in formulation and in results, Iden-
tical models were used, which involved assumptions on local equilibrium (T = t) between the
coolant and the porous material and on the thickness K — L > 0 of the evaporation zone (here
and subsequently, the models are as referred to in Fig. 1). Only the thermal state of the
system was examined in both instances.
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Fig. 7. Hydrodynamic characteristics of an evaporative cooling
system [32].

Fig. 8. Thermal characteristics of an evaporative cooling system
[32].

The next advance in the analysis was incorporation of the temperature difference between
the porous material and the coolant (T # t) along with the finite thickness of the evapora-
tion zone K— L # 0 [25-27]. A deficiency of these studies was that the point of onset of
evaporation was determined from the condition that the coolant temperature equals the satura-
tion temperature tg, which was constant. Numerical calculations have been performed [26]
on the thickness of the evaporation zone in relation to the external pressure, the physical
parameters of the coolant (N,0,, NH;), the surface area available for internal convective heat
transfer, the input heat flux density, and the thermal conductivity of the porous material.
These calculations were performed for parameters typical of combustion chambers and nozzles
in liquid rocket engines.

The motion of the coolant evaporating within a flat porous wall has been examined [28,
29] on the assumption that the evaporation zone is thin; the thermal and hydrodynamic aspects
of the process were combined [28, 30] to demonstrate the scope for instability. Here it
was assumed that the temperature of the coolant was equal to that of the porous material.
Another study similar to [28] was for a cylindrical wall [31]. A preliminary stability condi-
tion has also been formulated [30]. Careful studies have been performed [32, 33] on stabil-
ity in a model with an infinitely thin evaporation zone and local thermal equilibrium between
the porous material and the coolant. Results from the thermal and hydrodynamic treatments
were combined in the full characterization; the hydrodynamic characteristics relate the cool-
ant flow rate to the pressure difference across the wall for a constant external heat input.
The thermal characteristics relate the external heat-flux density to the coordinate of the
phase-transition surface for a constant pressure difference. Figures 7 and 8 show examples
of these characteristics.

These characteristics also define the stability condition. It was shown that evapora-
tion cooling with external input is stable if the working point lies on the rising branch of
the hydrodynamic characteristic (for independent change in the pressure difference):

dAP ~0 (14)
dG
or on the falling part of the thermal characteristic (for independent change in the external
heat flux density):
dg
— <0. @as
dl (15)

Point a in Figs. 7 and 8 corresponds to systems 1 and 2 stable, while system 3 is un-
stable. An important point is that the results on the stability given by the two types of
characteristic were identical.

The stability conditions have been used [33] with the condition for absence of wall burn
in analytic expressions for the parameters of the stable (safe) operating conditions. It
‘was found that the stability condition imposes very severe restrictions on the system parameters,
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and any deviation from these constitutes one of the major reasons for the instability so fre-
quently described in experiments, The physical cause of these severe restrictions is the
sharp fall in coolant flow rate when the evaporation zone penetrrates into the plate.

A method has been examined [34] for improving the stability by means of an additional
inert porous layer, Studies were performed on the motion of the coolant evaporated in the
outer layer of a two-layer porous plate. It was shown that such a plate provides improved sta-
bility. The structural and thermophysical characteristics of both layers were determined
subject to absolute stability in the system as a whole, i.e., stability for any position of
the evaporation surface within the outer layer.

The model of Fig. la, which is described by (1)-{9), has been used [2] to examine the
effects of the finite evaporation thickness on the motion of the coolant. In particular, the
following characteristics were defined: the relative scales of the various coolant flow ranges,
the relative pressure differences cover each of these ranges, the importance of the evaporation
region in the total resistance, and the effects of the bulk heat~-production rate in the evapo-
ration region,

-Analytical Study of Evaporative Cooling for a Porous Body with Bulk Heat Production.
Sev era1 papers [3 35-38, 43] deal in detail with evaporative cooling for porous fuel rods;
fairly good physical and analytical models (Fig. 1b) have been employed {3]. A logical cal-
culation sequence was used for the heat transfer, resistance, and stability. There are also
other anmalytical studies [35, 36] on the motion of the evaporating coolant and oh the tempera-—
ture pattern.

Hydrodynamic and thermal characteristics have been constructed [37], and these provide a
basis for analysis for aperiodic stability; this approach has given the acceptable pressure
fluctuations in a stable system for a porous rod, as well as the permissible fluctuatlons in
bulk heat production.

-The particular significance of these characteristics will be clear from the complexity
of measurements onthe resistance and heat transfer for two-phase flows in porous materials.
The trends can be established only from resultant effects within the porous structure. The
hydrodynamic and thermal characteristics are integral ones that can be constructed from mea-
surements, at least as regards the part corresponding to the regionof stable and safe opera-
tion. The observed characteristics can be compared with theoretlcal ones to define many fea-
tures of the process.

The method of improving the stability with two-layer components has been analyzed [38];
conclusions were drawn on the motion of a coolant evaporating within the outer layer in a two-
layer porous rod, and it was shown that the stability is enhanced by increasing the relative
resistance of the inner layer.

Analytical expressions have been derived [43] for the structural characteristics of por-
ous layers, particularly those providing absolute stability.

Other studies [39, 40] somewhat later than [3, 35] also dealt with the theory of evapora-
tion ccoling for porous rods, but a very highly simplified model was used, since only viscous
flow of the coolant was considered, while the coolant and porous material were taken as iden-~
tical in temperature. The most serious deficiency of this analysis was that the pressure
in the evaporation zone was assumed constant, i.e., the pressure drop across this zone was
neglected. As a vesult, [40] gave dubious conclusions, in particular that the coolant flow
rate increases as the evaporation zone penetrates into the material.

Comparison of Theory with Experiment. The heat-transfer rate and the resistance in the -
evaporation zone dominate evaporative cooling; quantitative characteristics can be defined
only by careful comparison of theory and experiment. However, no such comparison has yet beéen
performed, and therefore the available experimental evidence quoted above is not supported by
even preliminary theoretical analiysis, since instead more restricted purposes were served by
the studies, viz., definition of the major features of the process and testing of design via-
bility. It is therefore difficult to extract any information on the heat-transfer rates and
resistance in the evaporation region.

It has been observed [26] that satisfactory agreement between the theoretical and ob-
served temperature distributions within a liquid-fueled rocket motor nozzle cooled by Na20,
requires an increase in the heat-transfer rate in the evaporation zone by a factor 20 over
the original value, which is not surprising. TFirstly, the original value was derived from
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the equation for convective heat transfer between a single-phase coolant and a grid matrix,
whereas it is known that heat-transfer rates in boiling are substantially higher. Secondly,
the cooled wall was made not of porous material but of a packet of thin sheets with spiral
channels between them,

There are a few papers [17, 41] that deal with detailed theoretical [41] and experi-
mental [17] researches, which are also compared. Lack of suitable data led the authors to
calculate the heat-transfer coefficient for the evaporation zone as a superposition of the
corresponding values for forced flow and bubble boiling in tubes. This mode of heat trans-
fer persists until the critical difference between the saturation temperature and the tempera-
ture of the material is reached, which corresponds to the second critical heat flux during
boiling. The scope for instability was not considered in the treatment, and a numerical
technique was employed, which could not detect instability.

The observed and calculated temperaturedistributionswithin the porous wall agree satis-
factorily while there are no deviations from the assumptions (Fig. 4), but the deviations
under some circumstances cause liquid jets to break through.

Unexpected results were obtained on comparing the theoretical and observed pressure dif-
ferences; the kinematic viscosity of a two-phase flow was calculated from (13), and it was
observed that the calculated pressure difference was often more than ten times the measuved
value, - Also, the effects of the position of the evaporation zone on the pressure difference
were inverted: the calculated pressure difference for a constant flow rate increased as the
evaporation zonme moved towards the inner surface, whereas the measured difference showed the
converse (Table 2).

A point here is that the capillary pressure AP = 20/r in these systems was close to the
theoretical pressure difference, and therefore one can explain the quantitative and qualita-
tive differences if one assumes that the effects from the capillary pressure increase as the
evaporation zone approaches the inner wall. "In that case, the capillary pressure distorts
the results, so one cannot check the resistance calculations for two-phase flows.

Heat Transfer and Two-Phase Flow Structure in the Evaporation Zome. The evaporation
zone has a decisive effect on the performance of a transpiration system, but measurements
are difficult te make and virtually no reliable data are available on resistance and heat
transfer during evaporation, so some conception of the process has to be derived from results
for boiling under similar conditions. The most suitable data are those on boiling in capil-
laries, in thin films, and in porous materials coating continuous surfaces. For example, the
internal diameters of the capillaries were d = 0,18-0,60 mm in the boiling measurements of
[20-22, 45], and these are reasonably close to the mean pore size.

Boiling in a capillary is substantially different from boiling in a tube of macroscopic
dimensions, because the interpal diameter of a capillary is less than the capillary constant
of the liquid {Ufg(pZ'*‘pv)jWa; the boiling of a flow in a capillary is of pulsating type.
The liquid becomes heated as it moves, and it is superheated by an amount AT, at a certain
distance from the inlet, at which point explosive bubble nucleation and growth occur. The
large difference in specific volume between vapor and liquid results in the bubble filling
the cross section almost instantly, which is followed by expansion towards the outlet, which
expeld the liquid. A reverse flow is also set up within the bulk of the liquid. The liquid
plug becomes thinner as it is expelled on account of loss on the capillary walls, and the
residual part is expelled from the mouth of the capillary. The very thin film left on the
walls of the capillary evaporates very rapidly. Then & new bubble is formed and the process
repeats. The exact period is governed by the time needed to produce a fresh bubble in the
boiling region. The boiling mechanism is much the same for various liquids (water, ethanol,
benzene, carbon tetrachloride, and nitrogen) and does not vary within the above range of capil-
lary diameters. :

Uniform heat production over the surface of the capillary by ohmic heating of the wall
results in a distribution for the temperature difference AT = Ty, — Tg along the length of the
capillary, as AT increases along the region where the liquid is heated and superheated, with
attainment of the maximum ATo at the start of boiling, which is followed by a fall in the
region where the liquid film evaporates.

Attempts to increase the heat flux are restricted by the value at which random fluctua-
tions in wall temperature occur near the exit from the capillaries, which is followed by the
onset of a very rapid rise. This value for the heat flux is the critical value g%, and it can
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be calculated from the heat-balance equation on the assumption that the liquid evaporates
completely; the agreement with experiment is satisfactory [45]. A particularly important
point is that g* for boiling nitrogen attains the very high value of ¢* = 10° W/w* [45], which
is’close to the fifst critical density for nitrogen boiling in large volumes.

This temperture pattern in the capillary walls and the very high heat-flux density are
both due to the exceptionally rapid heat transfer in the boiling microfilm remaining on the
channel walls: q = AT(A"/8f41); it has been found [46, 47] that the critical heat-flux density
for boiling in such films is several times that for bulk boiling under similar conditions.
When the critical level is reached, theboilingmicrofilm contracts to a droplet that does not
wet the surface. The corresponding wall superheating AT* is substantially larger than that
corresponding to the first boiling crisis in large volumes.

Evidence of the mechanismof evaporation in a porous material is provided by studies on
the structure of two-phase air-water flows in straight and slightly curved flat channels of
width 0.2-1.0 mm [48]; these studies revealed various features that distinguish a two-phase
flow in a narrow slot from a flow in a channel of more ordinary size. For example, if the
air and water flow rates are low in a curved channel of width 0,25 mm, the two-phase flow con-
sists essentially of air separated by liquid plugs. The walls are coated by microfilms, whose
minimum thickness is about 5 pm. These liquid plugs become thinner as the air speed increases,
while the frequency of passage of the plugs increases. The air phase becomes continuous at
higher speeds, and the surface of the film is covered by ripples, whose amplitude may vary in
the range 20-40 um.

Visual observations on the flow from porous materials can be used with- researches on
boiling and the motion of two-phase flows in capillaries in defining a mechanism for the
evaporation. It must be pointed out that the mechanism itself is largely dependent on the
characteristics of the heat input:; bulk heat production or external surface input.

First we consider the medel for bulk heat production, since this is closest to evapora-
tion in capillaries with constant heat input.

A liquid flowing in a porous material with bulk heat production becomes heated, and
the saturation point tg(P7) is reached at a certain distance from the inlet, which corresponds
to the local pressure; the temperature of the porous material then exceeds that of the cool-
ant by ATo, which is such that the first vapor bubbles appear (the numerical value of AT, is
discussed below). The vapor is produced at isolated centers at the start of the evaporation
region, and any bubble appearing at once fills the entire cross section, so the bubbles join
up into large connected bubbles that f£ill the channels and emerge as jets. These jets may
be separated by liquid plugs. The pressure pulsations set up by the bubbles cause local lig-
uid flows that propagate in all directions, including transversely, although these flows are
rapidly damped by narrow parts of the channels.

The number of nucleation centers increases as the flow moves onwards, and so does the
number of vapor jets, so smaller and smaller channels become filled by vapor, and single jets
are eventually replaced by a continuous vapor flow. The liquid plugs are broken up, and most
of the liquid moves as a steadily thinning microfilm coating the particles and filling some
pores. The speed of the vapor increases continuously. The channels are very variable in
cross section and highly curved, so the vapor jets have considerable transverse motion, and
vapor breaking through into pores filled with liquid produces minute droplets.

Ultimately, the microfilm dries up, and all the liquid plugs are distributed as minute
droplets. The sharp changes in direction in the curvilinear channels cause the particles to
strike the surfaces, so the droplets also rapidly vanish, and there is a fairly sharp end to
the evaporation region,

The structure of the two-phase flow is decisive for the heat-transfer rate. The con-
vective heat transfer in the single-phase part before the onset of boiling is replaced by i
thermal conduction via the microfilm, where the input heat supports the evaporation. The heat-
transfer rate increases as the film becomes thinner, and therefore T—tg falls at the start of
the evaporatioh region because the temperature of the porous material is reduced. The pres-—
sure in the flow falls as the two-phasemixture moves onwards, and therefore the saturation
temperature also falls, so the liquid shows additional boiling and comes to a state of thermo-
dynamic equilibrium, The temperature of the porous material then scarcely differs from the
saturation temperature and also falls (Fig. 9a).
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Fig. 9. Suggested physical models for liquid
transpiration cooling: a) bulk heat production;
b) external heat input; I) liquid flow; II)
evaporation region; IIT) vapor flow.

There is extremely rapid heat transfer to the evaporating microfilm, simply on account
of the very large specific surface area of the material, so one expects that all the liquid
would evaporate under such conditions for any physically feasible bulk heat production rate.
This is supported by one of the results of [15]: the temperature difference T — tg for a flow-
ing two-phase mixture did not exceed 3-10°C for bulk heat production rates up to qy = 1.4 -
10° W/m®. A possible restriction onthe bulk heat production rate comes primarily from the
thermal state of the vapor section, where the heat-transfer rates within the pores are much
lower.

A more detailed study is required of the value of AT, at the start of the evaporation
region. A standard analysis for bubble nucleation shows that bubbles arise primarily at areas
of small-scale roughness on the surface. However, a porous material has an extremely compli-
cated and extensive surface, which has a very marked influence on the behavior. Also, some
of the vapor may remain within the connected channels after bubbles have appeared and vapor
jets have escaped. This may result in continuous formation of vapor at numerous centers with
a minimal value for ATo (in the quiescent state, without marked fluctuations).

These features are confirmed by measurements on the boiling in a porous material coating
a solid surface. Visual observations reveal stable bubble boiling at pore mouths, while the
superheating is much lower than that observed for smooth surfaces [49, 50]. The number of
persistent centers in a porous coating is very substantial, while the bubbles are small. The
initial superheating required to produce the boiling on porous coatings is less by a substan-
tial factor than that for water on a smooth surface, e.g., values of 1-2°C apply for water
boiling at atmospheric pressure [50, 51].

One therefore expects that the temperature of the porous material throughout the evapora-
tion region would be within 1-5° of the local saturation temperature in bulk heat production
(Fig. 9a).

The evaporation is entirely different for external heat input (Fig. 9b); here the heat
is transferred by thermal conduction into the wall, and the temperature of the porous material
rises continuously in the evaporation zone. When a certain critical temperature difference
AT* is reached, the liquid ceases to wet the material and the microfilm contracts to droplets.
There is then a marked fall in the heat-transfer rate, and film evaporation gives way to con-
vective heat transfer to a flow of superheated vapor containing minute droplets. These drop-
lets do not wet the surface on collision, so they do not evaporate very rapidly, and some
‘proportion of the liquid may emerge from the surface as the droplets.

Therefore, the témperature distribution in the evaporation zone should be described by
two different equations, namely for the microfilm zone:
d*T,
dz?

A

Z—_hi(Tg-‘—t‘s), Tz—ts< AT*, (16)

and for the zone of superheated vapor of temperature ty containing microdroplets:

A d*T,
dz?

=y (Ty—1,), To—1,>AT* (17)

The heat-transfer rate ha can be calculated to a first approximation by means of (6) if a
correction is applied for the presence and evaporation of the microdroplets.
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Exact description of the heat transfer in the first zone requires the following param-
eters: the heat-transfer rate h, inmicrofilmevaporation and the critical temperature dif-
ference AT*.

i We can assume that h; is constant for the first zone, but the exact value remains an
open question. An approximate expressionis provided by the mean value of [15]:

~ 9.25.108

= do - 2 = 1,43.10° w/m®- deg.

'TUAT 6.5 8

We substitute the physical parameters of saturated steam at P = 1 bar; G =0.6 kg/m*+sec,

B/a = 3.5 + 107® m into (6) to get hy = 1.2 - 10° W/m®-deg; this means that the heat-trans-
fer rate for microfilm evaporationwithin a porous metal is about 100 times that for convec-
tive heat transfer within pores containing vapor. This result is in qualitative agreement
with [26], where the factor was found to be 20.

The quantity AT* = T* — g is the critical superheating of the porous material in micro-
film evaporation; the value may be estimated from the boiling of microfilms on solid sur-
faces [46, 47]. The boiling crisis in the microfilm is of thermodynamic origin, because the
liquid becomes absolutely thermodynamically unstable and breaks up spontaneously, The corre~
sponding limiting superheating is a physical characteristic of the liquid and can be calcu-
lated by reference to the mechanical stability of thehomogeneous phase [52]. However, the
limiting superheating of a liquid at a solid surface is substantially dependent on the effec~
tive surface tension, and therefore T* is always less than the analogous value for the pure
liquid. Surface roughness and uncertainties over the physicochemical interaction result in
indeterminacy in T* (the isothermal Leidenfrost temperature [53]) for various combinations of
liquid and surface [47, 52, 53].

At a first approximation for ordimary conditions, we can calculate AT* following the
recommendations of [47]:

Tt =083 (%g. Tcr—~ts). | (18)

Here Toy is the thermodynamic critical temperature. One expects that AT* for a liquid in a
porous material will also be dependent on the structure of the material and on hydrodynamic
effects arising from flow of the film and of the vapor.

Other Applications. Researches have been undertaken to expénd the applications of
liquid transpiration cooling beyond the classical systems of Fig. 1.

A description has been given [54] of a compact transpiration heat exchanger for dispos—
ing of waste heat under vacuum conditions. Countercurrent flows of heat and coolant are used
in this device,

A preliminary analysis has beenperformed [55] of the scope for transpiration cooling in
thermal stabilization of vessels containing cryogenic liquids under conditions of weightless—
ness.

Design and test data have been reported [56] for a porous cermet injector for a liquid
rocket engine; two forms of injector were examined, in which the first had the components of
the N;0,/MMH fuel mixing, evaporating, and beginning to react within the porous tungsten in-
jector. 1In the second, the porous aluminum injector had only the N0, oxidant evaporating
within it. Both designs provided good thermal protection of the injector by evaporation of
the fuel components,

Conclusions. Theoretical and experimental researches have now defined the major features
of liquid transpiration cooling; recent results have provided a reasonably good qualitative
theory of the process that explains the instability and indicates methods of eliminating it.
This method can serve as basis for extending measurements, which should be directed particu-
larly to the following major and largely unexamined quantitative aspects:

1) resistance and heat transfer in the evaporation of a coolant in a porous material;
2) changes in the flow conditions in two-phase mixtures;
3) deviations from thermodynamic equilibrium in a two-phase evaporating flow; and

4) the effect of porous-material structure on the characteristics.
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