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SUMMARY

Various aspects of the condensation prob-
lem for supersonic wind tunnels are reviewed.
Part one is devoted to a study of the phe-
nomenon of condensation effects, the resulting
flow disturbances, and an investigation of the
possibility of complete removal of condensa-
tion effects. A criterion is presented, based
on certain experimental results. Conditions
under which flow disturbances are suffi-
ciently small are also indicated.

The second part is a study of various
drying processes in use and the third part
contains a survey of the different measuring
devices for the determination of humidity,

ABBOTTAEROSPACE.COM

SOMMAIRE

Les divers aspects du probléme de la
suppression des effets de la condensation
sont examinés dans le présent travail,

La premiére partie du rapport est con-
sacrée a 1'étude phénoménologique de ces
effets de condensation, en vue de I’évaluation
des perturbations résultantes de 1'écoule-
ment, et de I’examen des possibilitésd’élim-
ination totale de la condensation. L.'étude
est fondée sur plusieurs résultats expéri-
mentaux. L’élimination complete de la
condensation n’étant pas toujours réalisable,
les conditions sons lesquelles les perturba-
tions peuvent étre suffisamment réduites ont
également été indiquées.

La seconde partie est consacrée a 1’étude
des procédés de dessiccation les plus com-
munément utilisés en vue de satisfaire les
conditions décrites dans la premiére partie:
la réfrigeration, la compression et 1’adsorp-
tion,

Enfin, une troiciéme partie est consacrée
aux divers appareils de mesure utilisés en
vue du contrdle de 1'humidité des souffleries.



http://www.abbottaerospace.com/technical-library

\ERD

ACE.COM

ABB



http://www.abbottaerospace.com/technical-library

TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM

TERMINOLOGY

a Speed of Sound
a Critical Speed of Sound

argErfc Inverse Function of the Function Erfc (see Erfc)

A Heat of Adsorption |
c Thermal Capacity of an Adsorbent

i Thermal Capacity of H,SO,

Cp Coefficient of Force

Cp Specific Heat of Air at Constant Pressure

C Concentration of Water Vapor in Air

Ce Water Concentration in Adsorbent at Equilibrium

CL Concentration of Water Vapor in Air at Section L. of Cooling Dryer Surfaces

Cm Mean Concentration of Water Vapor in Air in a Section of Dryer

Cs Moisture Concentration Corresponding to Saturation at Temperature Indicated by

Wet Bulb Thermometer

C' Local Instantaneous Water Concentration of an Adsorbent

6 Angle between Condensation Shock Line and Streamline

&' Mean Water Concentration of an Adsorbent

f]b Breakpoint Concentration of an Adsorbent

dQ Heat of Condensation Released per Unit Mass of Air in Condensation Shock
D Coefficient of Diffusion of Water Vapor through Air

Erfc Complementary Error Function, Exrfc(z)= f e’z'zdz'

4 Friction Coefficient in Solid Granular Adsorbent
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I. EFFECTS OF CONDENSATION
IN SUPERSONIC FLOW

(a) Introduction

Condensation shocks were first described
by Prandtl (Ref. 1), who observed them in
a high-speed tunnel at Aachen, Germany.
Because a similar phenomenon had been
observed in steam nozzles, extensive ex-
perimental material is available on this
subject (see Refs. 2, 3, 4, 5, and 6).

A complete set of equations describing
the quasi-unidimensional flow of humid air
or saturated steam in a de Laval nozzle,
together with some experimental corrobora-
tion, has been published by Oswatitsch (Refs.
7,°8,9, 10, and 11).

Since the partial pressure of a vapor
expanded through a nozzle decreases with
the temperature according to the adiabatic
law, while the saturation vapor pressure
decreases exponentially with the temper-
ature, it is possible to associate with each
value of initial humidity a certain amount
of expansion at which saturation will be
reached. Expansion beyond this point will
result in either condensation or supersatura-
tion of the air-water vapor mixture,

As a result of the rapid expansions and
short transit times involved in high-speed
nozzle flow, large amounts of supersaturation
may be expected to occur without condensa-
tion, However, beyond a certain degree of
supersaturation, which depends on the initial
conditions of the air, a strong condensation,
often called a condensation shock, will occur.

For condensation to occur, a large number
of nuclei must be available, These nuclei
must be large enough so that the equilibrium

ABBEOTTAEROSPACE.COM

pressure associated with the nuclei is smaller
than the existing vapor pressure., The
greater the degree of supersaturation of
the air the smaller the dimensions of the
nuclei required to produce condensation,
Furthermore, for a small increase in the
degree of supersaturation, the number of
nuclei which are effective in producing con-
densation may increase enormously so that
the condensation may occur abruptly like a
compression shock,

This condensation shock, which in many
respects corresponds to an instantaneous
addition of heat, has a very detrimental
effect on the uniformity of flow in a super-
sonic nozzle. It is therefore advisable
either to prevent the occurrence of such a
condensation shock or to reduce its effect
to such a point that the accuracy of the
measurements to be made in the tunnel is
unimpaired,

(b) An Outline of the Oswatitsch Theory

Oswatitsch has shown that the effect
which foreign nuclei exert on condensation
in supersonic wind tunnels is small because
of the short time which these foreign par-
ticles spend in the nozzle. Oswatitsch then
obtains the equations for one-dimensional,
steady flow of a mixture of air, water vapor,
droplets, and ice crystals in a de Laval
nozzle, These equations, which contain
terms describing the appearance and growth
of the nuclei or condensation germs, are
then used by Oswatitsch to calculate the
pressure distribution in a nozzle in which
condensation occurs.

(c) Theory of Condensation Germ
Formation

The rate of formation of the condensation
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germs is given theoretically as

* M2
logg J = logg 9.589 x 10% + Ioge[%:QngPszs]

+ 2 loge o -I7. 558[51-5]3[Iog,“,-%mg)]—2
(1

"
Pao
)
where

J = rate of germ forma-
tion

T = absolute temperature
in°K

p* o = saturation pressure
(in dynes/cm?) in
equilibrium with an
infinite liquid sur-
face

M = molecular mass in
g./mole

Pe = density of the liquid
ngfe.c,

p* = partial pressure of
the vapor

KE = U(M/Pl)i‘

a = surface tensionof the

liquid in dynes/cm,

This expression was given by Volmer
(Ref. 12) and the numerical constants are
those which have been modified by Burgess
and Seashore (Ref. 13).

The rate of formation of the condensation
germs, which is a strong function only of
the last term on the right hand side of
Eq. (1), has been computed by Burgess and

ABBOTTAERDSPACE.COM

Seashore under the assumption that Kg varies
linearly with the absolute temperature T.
This linear variation is experimentally veri-
fied in the range 260°K<T< 320°K, (Ref. 13).

Burgess and Seashore have also ex-
perimentally determined the value of J at
which condensation occurs. This was ac-
complished by analyzing static pressure
measurements in various sections of several
nozzles as a function of the stagnation tem-
perature for constant inlet humidity. The
value of J, which corresponds to the occur-
rence of the condensation shock, may thenbe
computed. A mean value from several tests
of loge J = 4 was found to correspond to the
occurrence of the condensation shock, There-
fore, by imposing the condition that log,J<4
throughout the nozzle, acriterion for conden-
sation free flow is obtained which imposes
definite requirements on the stagnation tem-
perature and the initial humidity.

This criterion, however, disregards an
essential factor, the temperature gradient
along the nozzle, the influence of which was
pointed out by Oswatitsch (Ref. 7). The
criterion is, therefore, as will be shown,
generally pessimistic for small wind tunnels.

A widely used method of characterizing
the onset of condensation is the adiabatic
supercooling (or supersaturation) attained
by the vapor. It is defined as the difference
between the dewpoint (temperature of satura-
tion) of the vapor, at the actual vapor pres-
sure, and the actual temperature of the vapor.

The value of this supersaturation for which
condensation occurs has been determined in
many experiments (Refs. 10, 14, and 18).
It has been shown to be a decreasing function
of the stagnation, or initial, relative humidity,
as might be expected, and an increasing
function of the temperature gradient along
the nozzle. This dependence is indicated
by Fig. I-1, presenting unpublished results
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of Eber and Gruenewald, and Fig. 1-2, sum-
marizing tests by Oswatitsch, Eber and
Gruenewald, Lukasiewicz, Wegener and Smelt
(Refs. 10, 14, and 18). The latter figure,
however, does not take into account the in-
fluence of stagnation initial humidity on the
various tests. Head (Ref. 20) gives a more
explicit dependence of the condensation oc-
currence upon the amount of humidity and
the temperature gradient, which will be used
(see (d) below) to obtain a criterion for con-
densation free flow,

It is seen from Fig. I-1 and Fig. [-2
that supercoolings ranging from 40° up to
100° C can be expected, while the Burgess
and Seashore criterion corresponds to a
nearly constant supercooling of less than
30° C, which is very close to the static con-
densation conditions (in the absence of con-
densation nuclei) obtained by Sander and Dam -
koeler (Ref. 16).

(d) A Criterion for Condensation
Free Flow

We will now indicate a criterion for con-
densation free flow deduced from the ex-
perimental data of Head (Ref. 20), which
were the most detailed and best adapted to
the purpose at our disposal. Points indicating
data from Refs, 18 and 13 were included as
a check.

The criterion is given by Fig 1-3, The
graph involves two sets of curves. The
curves of the first (lower) set are to be
chosen according to the Mach number, Mg,
at which condensation is expected to occur.
The curves of the second (upper) set are to
be chosen according to the temperature
gradient dT/dx (in °C/cm) in the nozzle
considered.

The graph allows prediction of the stag-
nation dewpoint of the tunnel air required to

delay the onset of condensation up to a Mach
number which, in case a condensation free
flow is desired, must be. larger than the test
section Mach number,

The use of the graphisverysimple, Draw
a horizontal line through the stagnation tem-
perature (T,) which is shown on the scale
at the left in Fig. I-3. Let A be the point of
intersection of this horizontal line with the
curve of the lower set which corresponds
to the Mach number at which condensation
occurs. Now draw a vertical line through
point A, Let B be the intersection of this
vertical line with the curve of the upper set
which corresponds to the temperature
gradient of the nozzle under consideration.

The dewpoint scale of Fig. I-3 must either
be cut out or reproduced on a transparent
paper. If the scale is then placed along AB,
with point P of the scale coincident with A,
the dewpoint can be read at point B, Inci-
dentally, the temperature at which the shock
occurs, T, can be read at the intersection of
AB with the T, scale. The dewpoints on the
scale are the saturation points for water
above 0°C, for ice below 0° C. The results
obtained from the graph are independent of
stagnation pressure,

Results of tests by Burgess and Seashore
(Ref. 13) and at the NOL 2.5 cm by 2.5 cm
wind tunnel are indicated on the graph, The
former are seen to agree remarkably well
with the line dT/dx = 1°C/cm. The latter
agree approximately with Head's data in
the common range and indicate the trend
for high nozzle temperature gradients.

Two remarks must be made in connection
with the criterion just mentioned, First of
all, the line dT/dx = 1°C/cm can be used
as an indication of what is to be expected in
the larger wind tunnels (test sections of the
order of 1 m by 1 m).
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Second, it is not clear which temperature
gradient must be chosen. In fact, the tem-
perature gradient in the test section where
the occurrence of the condensation must be
prevented, is zero. This seems to imply
that one should use, at most, the curve
dT/dx = 1°C/cm (equivalent to Burgess and
Seashore’s data on condensation in constant
area test sections) irrespective of the nozzle
temperature gradient.

The difficulty obviously originates in the
fact that the occurrence of condensation
depends on the whole time history of the
vapor state in the nozzle, not only on some
mean temperature gradient, Very little ex-
perimental data seems to be available on
this question, in which the transit time in
the test section must play an important part.

Also, it is not easy to choose M safely,
because of the further expansions around
models. The temperature gradients in these
expansions also must be taken into account,
when the choice of M, is made. The number
of parameters involved and the lack of in-
formation on the subject render any further
statement about the choice of M, impossible
at present,

Finally, it must be stressed that the graph
in Fig. 1-3, which is intended as a criterion
for shock free flow, can also be used to
predict the shock location, in case it is
allowed to occur upstream of the test section.
This will be of use in the next section.

(e) Computation of Disturbances
Caused in a Supersonic Nozzle
by a Weak Condensation Shock

In case it is impractical to eliminate
condensation shock completely, it may still
be possible to minimize the disturbance by

ABBEOTTAEROSPACE.COM

sufficiently lowering the stagnation humidity.
In order to establish suitable criteria for
drying, in terms of the flow quality required,
one has to examine the magnitude and char-
acter of the disturbances ci®tated by a weak
condensation shock.

The requirement that the condensation
shock be small necessitates a low stagnation
absolute humidity. The influence of the
small amount of water vapor present will be
limited to the release of the latent heat of
condensation of the vapor at the shock. Thus,
the condensation shock will be accurately
described by the same set of equations as a
weak shock wave with the addition of heat
(detonation wave).

The disturbances caused by the condensa-
tion shock can be divided into three parts.
First, the new, disturbed conditions imme-
diately downstream of the shock induce a
slight change in the whole downstream flow
pattern. As a result the flow in the test
section will become slightly nonuniform,
and the mean Mach number will be slightly
different from the nominal Mach number of
the nozzle.

Second, the interaction of the shock with
the nozzle blocks generates a reflected
disturbance which will be propagated and
reflected downstream into the test section,

Third, the ice particles or supercooled
water droplets appearing in the condensation
shock may exert some influence on the
reaction experienced by the model. This
effect can be shown to be negligible for
usual stagnation humidities, It amounts,
roughly, to an increase of drag coefficie.l
of 2h@, where h is the stagnation absolute
humidity (in gm water per gm air), 8 the
thickness ratio. This is obviously negligible
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for the usual humidities which are a fraction
of 0.001.

(1) Equations for a Weak
Condensation Shock

The effects on physical parameters of a
weak condensation shock are readily eval-
uated, The discussion inthe previous section
concerning the conditions for shock removal
is pertinent here because it gives informa-
tion as to the probable location of the shock
upstream of the test section. If this location
is known, the computation of the effects is
quite straightforward., Let the subscript ¢
denote the conditions immediately upstream
of the shock. Assuming the shock to be very
weak, the heat of condensation released,
per unit mass of air, will be very small.

If the shock shape is known, the equations
admit two solutions. One solution tends to
zero with the condensation heat, the other is
obtained simply by adding the discontinuities
arising in an ordinary adiabatic shock. Only
the first one has a physical meaning. The
corresponding deviation from upstream con-
ditions may accordingly be indicated by
differentials, which greatly simplifies the
equations,

These equations are

PedVen t VendPe = 0

(continuity)
(2
dVCt = 0

(momentum)

dp. + p.V chn =0
c c°cn (3)

+di. =

Ven dVen dlc dQ (energy)

(4)

where

dQ = heat of condensation released
per unit mass of air in the
condensation shock in mechan-
ical units, ergs/gm

Vi» V¢ = components of velocity normal
and parallel to the shock in
cm/sec

P = specific mass gm/cc

i = air enthalpy inmechanical units,
ergs/gm

p = pressure in dynes/cm?,

These equations can be solved with respect
to the disturbances, which gives

dVen/ Ve = - sin€ (dp./p,)
Ry -1

2
e [ (7'-_2|)M_c. + |] (M sin® -1 (sin€)(dQ/cpTo)

(5)
where
M. = Mach number
A s
C = angle between condensation shock
line and streamline
T, = stagnation temperature
Cp = specific heat at constant pressure

in mechanical units, erg/ OK, gm.

It is thus seenthat the disturbances become
infinite at points where the shock line touches
a Mach line. The shock intensity therefore
strongly depends on the angle of itsdirection
with local Mach lines. This makes the
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present analysis completely dependent on the
knowledge of the shock configuration. The
theoretical prediction of this configuration,
based, for instance, on Oswatitsch theory,
would be a formidable task, if one considers
the amount of computation already required
in the one-dimensional case.

According to Eq. (5), it is to be expected
that disturbances become infinite whenever
the slope of the condensation shock coincides
with a Mach line, if one remembers that the
heat can be added ina normal shock is limited
and that it becomes zero at sonic conditions
(Ref. 14),

This fact can be of use in obtaining an
upper limit to the disturbances, in the
absence of general data on shock configura-
tions. Such an upper bound may be derived
from the formula for maximum heat addition
to a steady flow. This will be done for the
case of an oblique shock.

If the complete shock equations are
written, without introducing differentials, a
quadratic equation describes the normal
velocity behind the shock. This quadratic
equation has real roots only if the heat added

is smaller than a certain value Qmqyx, given
by

Qmax / cp To = 172)(y + 1) (Mg sin*E-1)
(Z—é-I—Mé v l}"M(Ez(sin'(f)-2
(6)

the corresponding disturbances being given
by

("J;Cp_cl = [y/(y+|)](M§ sin?€-1)
@)

ABBOTTAERDSPACE.COM

[-1/0r+1)] (M2 sin® E-D(ME sin C)
(8)

etc., the subscript 2 referring to the con-
ditions behind the shock.

If we now consider the case where Qmqgx
is just equal to the condensation heat dQ,
the disturbances will again be small, as
indicated by differentials, but the formulas
become quite different from those obtained
in Eq. (5)

d%n_z—(sin 6)ch/r°c 2 -()'Mg sine)dpc/pc
c

. [2(7—"M'+l)(d0/c T+
=-[ 205 Mc pTe)/(r+1)] /Mq.

&)

It should be pointed out that the use of
these formulas to obtain an order of magnitude
of the shock disturbances would tend to impose
too severe a drying criterion in cases where
the condensation shock has, everywhere, a
direction quite different from any charac-
teristic direction. This is, of course, due
to the appearance of the root of the ratio
dQ/cpT,. We feel, however, that they are
safer, considering the absence of accurate
data on weak shock configurations.

(2) Flow Behind the Condensation
Shock

The flow downstream of the shock has
not the same energy as the unperturbed
flow, and is not even isentropic in general,
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the entropy increases being dQ/T.. The
disturbance field therefore must be built up
as follows:

a. An ordinary, irrotational,
disturbance field, with zero energy disturb-
ance,

b. A disturbance field due to
the energy disturbance, also irrotational,

c. A rotational disturbance field
due to the variable entropy increase, and,
eventually, from a variable heat addition
along the condensation shock.

The potential describing the first field
satisfies a homogeneous partial differential
equation of the second order, with boundary
conditions at the walls and on the shock,
where the potential is constant, while its
normal derivative is the normal velocity
disturbance dV, .

The potential describing the second field
satisfies a nonhomogeneous equation, the
potential being constant on the shock and its
normal derivative, zero. A particular solu-
tion of said equation, however, can be given
if the shock occurs at constant temperature;
the corresponding potential is dQ/Vg times
the unperturbed potential. The problem
then reduces to the preceding with different
boundary conditions, of course.

The third field is better described by a
stream function satisfying a nonhomogeneous
partial differential equation of the same
type as the preceding ones,

The general problem of finding those
fields cannot be solved unless the shock
configuration is known in detail, but we will
indicate a roughly approximate method
whereby general conclusions are tobedrawn,
It consists in considering the unpertubed
flow as nearly uniform. The splitting of

disturbance fields alluded to is then irre-
levant; the rotational part is neglected, The
velocity disturbance stream function § ap-
proximately satisfies the partial differential
system

Vob = 0.
(10)

The subscripts denote derivation with
respect to characteristic coordinates in
the undisturbed flow. The disturbances
on the shock are now split into a constant,
mean part and a variable part, The first
gives rise to a uniform field and represents
what would be obtained in a one-dimensional
approach. The variable part is strongly
localized on the shock, which usually has
a V-shape with strongly curved apex near
the nozzle axis. Strongly variable disturb-
ances can be expected near the nozzle axis
(Fig. 1-4a) as well as near the points where
the shock direction becomes approximately
characteristic (Fig. 1-4b).

All disturbances propogate along char-
acteristics of the undisturbed flow, The
disturbances originating from the apex can
be shown to carry a total nonuniformity in
velocity of the order of

2
dVapex = sinC cosC (Mg sin®C-11"(1-MZ) Ve

i
(L5

MZ + 1) dQ/cpTo
(11)

while it is clear that if the shock touches
a characteristic, a discontinuity, as des-
cribed by Eq. (9) will be carried along
this characteristic,

Another effect which produces nonuni-
the shock interference with
A reflected disturbance

formities is
the nozzle walls.
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is generally emitted, unless the shock happens
to be normal to the wall. This reflected
disturbance has about the same magnitude
as the disturbance issuing from the apex,
in the case of a V-shock, but opposite sign.

All these local perturbations are prop-
agated through the nozzle into the test
section along Mach waves. In the rather
rough approximation just used (uniform un-
disturbed flow) this propagation would occur
without any change in the magnitude of the
travelling disturbances, A more accurate
picture is outlined in Ref. 22 and indicates
a variation of the propagated velocity dis-
turbances proportional to a factor depending
on local Mach number (propagation factor),

A graph of this factor in terms of the Mach.

number is given in Fig, 1-5.

The most severe of the nonuniformities
appearing in the test section as a consequence
of the occurrence of a condensation shock
upstream is, as already stressed, the effect
described by Eq. (9). We will now calculate
the flow deviation in the test section induced
by this velocity perturbation. Because the
velocity perturbation propagated by a Mach
wave is perpendicular to the wave direction
one obtains

48 = (dVn/V) (M-1P/M = [ £(M)7f(me)]

[2(M2-1) (- M2 + 1) (da/ cpTo)/(erf/ M2

(12)
where
dd = flow deviation in radians
f(M)= propagation factor
= (L me ET (M2 ys

The factor of ,/dQ/cpTy in this formula

ABBOTTAERDSPACE.COM

is plotted in Fig. 1-6.

With respect to Eq. (12) it should be
remembered that the condensation shock
is assumed somewhere to have the local
characteristic direction. This seems to
be the case, for instance, for the weaker
shocks in the schlieren photographs in Ref,
14. Now, if a given nozzle is operated with
decreasing stagnation humidity, the shock
will travel downstream and change its shape
from convex (Fig. I-4a and I-4b) to concave
with respect to downstream flow direction.
Therefore, some intermediary configuration
probably exists for which the shock direction
is nowhere characteristic.

It is also highly probable that the con-
figuration is dependent on scale and that the
shock would tend to occur at a constant
temperature for sufficiently large scales
(i. e., large nozzle transit times). In this
case, it can have a characteristic direction
only in a simple wave flow region (if unusual
occurrences such as Mach line inflexion
are disregarded). This can happen if the
shock is pushed far downstream by efficient
drying and penetrates into the simple wave
flow regions adjacent to the test rhombus,
In this case, it would seem that less drying
should improve the situation considerably,
Unfortunately, we were unable to find any
mention of such an occurrence in the liter-
ature, and our deductions must remain con-
jectural,

The test section values of the constant
(average) part of the shock disturbances can
be obtained most easily if one observes that
the influence of the condensation on the value
of test section perturbations results from an
increase in entropy of dQ/T and an increase
of specific energy of dQ. This remark leads
to the following formula for the uniform



http://www.abbottaerospace.com/technical-library

THIS DOCUMENT PROVIDED BY THE

\BBOTT

TECHNICAL LIBRARY

ABBOTTAERDSPACE.COM

test section perturbations:

dp/p = (¥72)(M? + M2 + (y- 1) M*ME ) (M2 =)

(dQ/cp To)
(13)
dp/p = (172) (¥ ME -M?+2) (M2~ 1) (dQ/cp To)

(14)
dM/M == (172) (55 MP+ 1) (y M2 + 1) (M2- 1)

(dQ/cpTy)
(15)
The coefficient of dQ/cpTo in the latter
formula is plotted in Fig. 1-7. The errors
in force measurements introduced by these
deviations, will accordingly be given by

-1
dF/E = ~(1/2)[ Y M2 - M2 +2 +Mcy (M7 +1)

(mc+|)(

(16)

where ¢y is the nondimensional force coef-

ficient, a function of M (if the effect of
Reynolds number perturbation is dis-
regarded).

In the linearized Ackeret theory, for
instance, cy is proportional to

(M2-1)" %

so that

(F/F)pcieret = (172) [(YME+1(Z5E M +1)

+(M2- |)2](M2— I)-z(dQ/CpTo)

(17)

B v dorepTo)

The coefficient of dQ/cpTy inthisformula
is plotted in Fig. I-8 for various values of
M¢ and M,

(f) Criterion Based on Flow Quality
Requirements

The results of the preceding section will
now be used to obtain information on the
drying required for a given flow quality in
cases where it has been found impossible
to eliminate condensation. First of all, the
heat added, dQ, must be computed. The
detailed knowledge of this parameter involves
the complete shock mechanism. The
Oswatitsch equations should be solved for
the particular nozzle under consideration.
Such a detailed solution is not required if
only the order of magnitude of the condensa-
tion effects is of practical interest,

In view of the large number of condensa-
tion germs present, it seems reasonable to
assume that the air downstream of the con-
densation shock is saturated. But this is
very nearly equivalent to assuming that all
of the moisture will condensate because of

" the considerable amount of supercooling to

be expected in supersonic nozzles, It is
therefore possible to write
dQ = th
(18)

where

h = absolute humidity (in gm water vapor
per gm air), given as a function of
the stagnation dewpoint by the curve
in Fig. 1-11 (for atmospheric pres-
sure = 760 mm Hg.)

H,= heat of condensation (for T, above
-63° C, solid condensate) or sub-
limation (for T, below -63° C, solid
condensate) expressed in units con-
sistent with dQ.
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The order of magnitude of both latent
heats is similar, and the temperature de-
pendence is small, so that one can use the
following estimation

He/cp & 2900° C.
(19)

For wind tunnels in which there is no
preheating of the air, the stagnation tem-
perature is generally about 300° K. There-
fore

dQ/cp T = 0.
(20)

In hypersonic facilities operating from a
high stagnation temperature, dQ/cpTy is,
of course, a smaller multiple of h,

Two different criteria must be considered,
according to the type of test for which the
tunnel is intended. If overall properties
of complete models (lift, drag, etc.) are
investigated, the emphasis will be on Egs.
(13), (14), (15), and (16) to estimate the
errors in Mach number, pressure, and force
measurements due to uniform disturbances.
However, if detailed investigations of model
elements (efficiency of control surfaces,
or intakes, etc.) are on the program, it
becomes essential to reduce all nonuniform-
ities to a minimum, for even small disturb-
ances are known to produce large errors
(due, for instance, to the transition they
induce in boundary layers (Ref, 38) or to the
considerable sensitivity of neutral points
on flow deviations). Inthe absence of detailed
data on weak shock configuration, Eq. (9)
will have to be used in order to obtain a
safe criterion for this case.

For overall effects a rough orientation
can be obtained with the help of the graphs
in Figs. 1-7 and 1-8. It is seen that the
most severe requirement will be derived

10

from considering the error in force. In
Fig. 1-9 this error is plotted as a function
of h for various Mach numbers for the most
severe case of small nozzle temperature
gradient (from data represented in Fig, 1-3).
An accuracy of about one percent inthe force
is thus to be expected from M = 1.6 on, if
the drying requirement h<0.5 1072 is adopted
(requirements set forth for the Peenemuende
wind tunnels).

The second case in which flow deviations
are important leads to much more severe
requirements.  Fig. 1-10 (deduced from
Figs. 1-6 and 1-3) gives the angular deviation
in function of h for various Mach numbers
in the case just quoted. It is seen that this
deviation can be kept lower than one degree
only if the air is dried down to h<0.2 1073
(which is the usual requirement), Butdevia-
tions smaller than 0.1 degree are sometimes
indicated as a must for neutral point meas-
urements for control surfaces. This would
imply humidities of about one part water in
a million (dewpoint about -70° C at 760
mm Hg_), small enough to prevent shock
occurrence at Mach numbers higher thantwo
even for the smallest temperature gradients.
Such low humidities probably can be reached
only if drying (by adsorption or cooling) is
accomplished at high pressure (of the order
of 100 atmospheres). This is the case for
tunnels operating on the blow-down principle
(Ref. 33), or when high pressure storage of
dry air is used. In the case of facilities
working under very high stagnation pres-
sures, the situation is somewhat different
because a given dewpoint corresponds to a
much lower absolute humidity so that all
criteria based on shock disturbances are
comparatively less severe than those based
on shock removal.

(g) Conclusions

The complete elimination of condensation
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effects in supersonic wind tunnels is theoret-
ically possible, either by sufficient drying,
or by sufficient preheating, or by a suitable
combination of both, as shown by the criterion
presented on Fig. 1-3. The amount of drying
and/or preheating required is seen to in-
crease with tunnel scale,

An important fact about this criterion
is that it involves the dewpoint, not the
absolute humidity, of the tunnel air. The
facilities operating at high stagnation pres-
sures therefore seem to require more drying,
but this apparent disadvantage is completely
reversed by the automatic lowering of the
dewpoint occurring in the compressor after-
cooler. On the other hand, tunnels operating
with stagnation pressures lower than the
atmospheric pressure are in a favorable
situation, but the pressure is seldom low
enough for the advantage to be significant.

There are cases, however, where there is
no point in completely eliminating condensa-
tion, because the disturbances it originates
can be kept small enough to lie within the
limits of precision by less severe require-
ments than indicated by the criterion for
shock free flow. General rules indicating
when one should go over to these require-
ments are difficult to give because of the
numerous parameters involved: Mach
number, stagnation pressure, tunnel scale,
and precision required. The first three
parameters, when increasing, tend to make
the requirements for limiting disturbances
less severe compared to the criterion for
shock free flow, while the last parameter
obviously has the opposite influence.

Criteria for small disturbances are char-
acterized by the important part played by
the absolute humidity. The stagnation dew-
point still has some bearing on the situation,
but only because it controls the shock loca-
tion. It cannot, therefore, alter the order
of magnitude of the disturbances.

11

In most cases less than one percent
uniform deviation from undisturbed flow
in the test section can be obtained by keeping
the absolute humidity below 0.5 (10-%), If
nonuniform, localized deviations are taken
into account, more severe requirements
are obtained. For instance, the flow deflec-
tion due to the condensation shock can be
kept below one degree, in the most severe
case, only if the absolute humidity is lowered
to 0.2 (10°3), Deflections smaller than 0.1
degree, as sometimes required in missile
stability tests, are only to be obtained by
complete shock removal, unless one operates
at Mach numbers much higher than two or
with very high stagnation pressures.

II. DRYING SYSTEMS FOR WIND
TUNNELS

(a) Problems of Desiccation in the
Different Types of Supersonic
Wind Tunnels

A distinction must be made between open
and closed circuit tunnels when discussing
the drying problem. Open circuit tunnels
are generally intermittent except for a few
turbine driven facilities such as those of
the Swiss Department of Defense at Emmen,
Closed circuit tunnels, on the other hand,
are mainly continuous and fitted with return
circuits with the exception of the induction
type tunnels at NPL in the United Kingdom.

A closed circuit tunnel operates with the
same air over and over so that only a rela-
tively small amount of air, namely that for
replacement of the air lost through leaks,
needs to be dried. For the open circuit
tunnel, the drying problem is more serious
since different masses of fresh, undried
atmospheric air are used for each run,

One method of alleviating the drying
problem for intermittent blow-down from
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an atmospheric tunnel is to pump the dry
air out of the vacuum reservoir back into
the upstream reservoir., As farasthedrying
problem is concerned, such an open circuit
tunnel is completely equivalent to a closed
circuit facility. This type of system does
have some disadvantages, however. The
necessity of a constant stagnation pressure
during tunnel operation entails a variable
volume reservoir, generally a kind of balloon
which is difficult to render impermeable to
atmospheric humidity, Furthermore, the
vacuum pumps used always add not only a
certain amount of moisture, but also oil
which has a very destructive effect on the
adsorption agents used for drying. Methods
used to remove the oil have not sofar proved
entirely satisfactory. Abetter solutionmight
be to combine this type of tunnel circuit with
some sort of refrigeration drying.

The high pressure blow-down to atmos-
pheric type of intermittent wind tunnel is
relatively free of drying problems due to
the large amount of drying obtained from
the aftercoolers generally used in conjunc-
tion with the compressors. This aftercooling
causes a great deal of the atmospheric
humidity to condense at a point where it may
easily be removed from the tunnel circuit.

A drying unit for a supersonic wind tunnel
has two different functions. First, the tunnel
or the upstream reservoir must be filled
with sufficiently dry air. Second, the humidity
must be kept low during tunnel operation in
spite of exchanges of air with the atmosphere
through leaks. For intermittent tunnels
which do not possess a return circuit only
the first function must be performed. If
the time between runs is short, a large
drying system is necessary. But the dryer
installation is straightforward and unique
since only one function is required of the
drying system,

If both functions are required of the

12

drying system, a greater number of pos-
sible drying plant types may be considered.
The charging function requires the removal
of great quantities of moisture from very
humid air. The second function, the main-
tenance of a constant low humidity, requires
the removal of small quantities of moisture
from very dry air. The essentially dif-
ferent nature of the two functions imposes
severe requirements on a single dryer. A
fairly large drying system is needed to
fulfill the first requirement, while a smaller
dryer combined with a bypass pipe may serve
to satisfy the second function, The second
funcrion might also be satisfied by using a
single dryer to supply dry air to a high
pressure reservoir. Then if the tunnel air
becomes too humid some dry air may be fed
into the tunnel circuit at the same time that
some of the humid air in the tunnel is bled
off,

Plants with several dryers generally have
one large charging dryer and several smaller
units which are used to change the stagna-
tion conditions. The smaller dryer may also
be placed in abypass and used as a stabilizer.

The limiting case of a bypass dryer is
the full flow dryer which is placed in the
main circuit of a continuous return tunnel.
This system does not permit any change in
the flow through the dryer. This type of
drying system is used in a tunnel at Johns
Hopkins University in order to prevent non-
uniformities of temperature which are un-
avoidable at a bypass outlet, Such nonuni-
formities would have disturbed the basic
tests on turbulence for which the tunnel was
designed.

(b) Drying Systems
The many physical and chemical methods

of drying air may be roughly classified into
two categories. The first category includes
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all thermodynamical processes in which the
air and water vapor mixture is brought to a
state of supersaturation so that the moisture
will condense and be separated out. The
supersaturation may be obtained either by
cooling or compressing the air or by a com-
bination of these two. The second category
consists of those processes which involve
the physical or chemical action of some
substance with which the moist airis brought
in contact. The physical action, called ad-
sorption, in which the water vapor adheres
to the surface of some porous substance
such as silica gel or activated alumina, is
by far the most widely used method of drying.
The chemical adsorption of the water vapor
by some agent such as sulfuric acid or
phosphorous pentoxide is not generally used
for drying in supersonic wind tunnels due to
both the low capacity of the chemical
adsorbers and the difficulty involved in
regenerating them,

(c) Need for Regeneration of
Drying Plants

Obviously the drying process cannot go
on indefinitely unless the moisture which is
separated can be continuously removed. Such
a continuous removal is possible in drying
plants which use either cooling to a tem-
perature above the freezing point or com-
pression of the stagnation air. In both of
these types of plants the water condenses
on the liquid phase and can flow continuously
out of the dryer. In all other kinds of drying
systems the moisture removed from the air
will alter the characteristics of the drying
plant in such a way that the drying capacity
of the plant will be impaired.

Since agents which adsorb the moisture
in the air have a limited water capacity,
the ease with which the water may be
removed from these agents deserves primary
consideration. The popularity of the physical
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adsorbers results from the ease with which
they can be regenerated simply by heating.

In the case of a drying plant which con-
denses the moisture in the solid phase,
regeneration may be accomplished simply
by melting the ice deposited on the walls of
the cooler and allowing the condensate to
run off. The moment at which such a re-
generation should take place is not easy
to define. It is clear that too thick a layer
of ice will impair the efficiency of the
cooler, Furthermore, after the thickness
of the ice reaches a certain point, there is
a tendency for the condensate deposit to
become snowy. This snow may be swept
along with the air to another part of the
tunnel circuit where it will re-evaporate
and thus raise the humidity in the tunnel.
Few data are available on the optimum
time for regeneration of this type drying
facility since such drying plants are usually
regenerated after each run,

Such periodic regenerations can, however,
be avoided by spraying a freezing point
depressant (such as ethylene glycol) on the
cooler surface. The condensate then remains
in liquid state and can thus be continuously
eliminated. This method is used at the
AEDC tunnels in Tulahoma (U. S. A.). The
spraying has the inconvenience of adding
further free liquid to the airstream, but
the drops which then nucleate are generally
large and therefore easy to trap. Commer-
cial equipment is available to reclaim the
depressant continuously for further use,

At any rate it is apparent that most
drying plants will have to include regen-
erating apparatus. This apparatus will
generally consist of some sort of a heater
the size of which will depend on the partic-
ular case under consideration.

In cases where long runs or many con-
secutive runs are anticipated, it may be
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necessary to provide a battery of two or
more dryers so that the need for regen-
eration will not halt tunnel operation. A
second fresh dryer will then always be
ready to take over from a dryer which needs
regeneration,

(d) Drying by Cooling
(1) Introduction

Two different physical phenomena take
place during drying by cooling.

First, the condensation occurs in the
form of a mist in the supersaturated air-
water vapor mixture, Water in either the
liquid or the solid phase may be present
in the mist.

Second, the water vapor may diffuse
through' the mixture and collect in regions
where the concentration of the moisture is
low, such as the walls of the cooler,

These two phenomena may be used either
together or separately to dry air for a super-
sonic wind tunnel. In order to make use of
the first effect, it is necessary to provide a
glass wool or felt filter or some sort of
inertial separator to remove the condensed
water vapor from the air. The replacement
of filters is, in a sense, a regenerationof the
drying circuit.

(2) Heat Transfer and Diffusion
Effects in Dryers

A dryer which dries the air by a cooling
process is actually a heat and mass
exchanger. The exchanger consists of cooled
surfaces of various shapes, The air to be
dried may flow around the tubes which contain
the refrigeration fluid or vice versa. Fins
may be used on the tubes toincrease the area

14

of contact as the air flows past the tubes,

Although the theory of heat exchangers is
well-known, the parallel which exists between
heat transfer and mass transfer phenomena
has not received too extensive a treatment,
It is therefore not out of place to mention
some of these similarities.

The diffusion of a constituent of a gaseous
mixture through this mixture at rest is des-
cribed by Fick’s Law when the concentration
of the diffusion constituent is sufficiently
small. Thus

m =Dgrad C
(21)
where
m = mass flow of the diffusing constituent
in gm/cm2sec
C = local concentration of the diffusion
constituent in gm/cm?3
D = diffusion coefficient with respect to

the mixture of the diffusion consti-
tuent in cm? /sec.

The analog of Fick's Law for heat con-
duction phenomena is Newton’s Law

q=-Kgrad T

(22)
where
q = flow of heat in cal/cm?sec
T = absolute temperature in °K
K =heat conduction coefficient of the
medium under concentration in

cal/cm?®sec °K,
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The moisture concentration of humid air
may be related to the partial pressure of
the water vapor by

M 2 %*
HO ~p g
C=hp = —2—p— = 625
E Mair P e
(23)
where
h = absolute humidity in
gm H,0/gm air
P = specific density of the air
p = pressure of the air-water vapor
mixture
i i = absolute temperature of the
mixture
p* = partial pressure of the water

vapor which is assumed to be
small compared to p

MHEO = molecular weight of the water
vapor
Mgir = apparent molecular weight

of the air.

For the laminar flow of a gaseous mixture
the diffusion effects and the thermal con-
vection effects are described by the fol-
lowing equations:

pV-grad (%)= div [D grad C]
(24)
pCpV-grad T = div [K grad T] .
(25)
Both of these equations involve the dis-

tribution of the velocity, V, of the accom-
panying flow. If p, D, h and x are assumed
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constant, Eq. (24) and (25) may be rewritten
as

V-grad C = g&; V°C

(24")
V-grad T = 3—V°T
(25"
where
v = kinematic viscosity in
cm? /sec
Sch and Pr = Schmidt number and Prandtl

number respectively, and
are defined below.

g
Sch Dp 49
uC
Pr='Tp=.7l

where p is the viscosity of the fluid under
consideration,

The numerical values given above are for
air at normal temperatures and pressures.
Since the Prandtl and Schmidt numbers are
of the same order of magnitude, the tem-
perature and concentration profiles in both
boundary layers and wakes which occur in
a heat exchanger will be similar., In other
words, a relation of the form

C=AT+w
(26)

is approximately valid in each cross section
of the flow in the heat exchanger when X and
w are constants in a section,

A linear relationship such as that in Eq.
(26) is extremely useful since it relates the
diffusion effects to the more extensively
studied heat transfer effects.
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Consider a heat and mass exchanger
whose thermal properties are known. This
exchanger can be considered as asuccession
of elements which are consecutively crossed
by the airflow. Each element of the cooler
may be considered to be bounded by the
planes parallel to the mean flow direction
and dL. cm apart. Now the heat exchanged
per unit time between the surfaces of the
cooler and the air passing by is given by

dQ = KNup (T~ T )dL
(27)

where Nu,_ is the Nusselt number, Tp is
the mean air temperature and T  is the
temperature of the walls of the heat exchanger
element.

Making use of Eq. (26) the mass of mois-
ture, dm, deposited on the walls of the ex-
changer element per unit time is given by

dm _ DCmCl) _ D (hm-hy)
dQ KT~ TL) K (T TL)

(28)

where the subscript m refers to mean air
conditions and the subscript L refers to
conditions at the surface of the exchanger
element,

It should be pointed out here that as soon
as a deposit of liquid or solid water appears
on the surfaces of the heat exchanger element,
h; in Eq. (28) must be taken equal to the
saturation humidity corresponding to the
temperature, T . The modifications of the
preceding equations which must be made if
mist is present at the walls of the exchanger
will be discussed in the next section.

If F is the mass of air flowing through

the dryer element then

Fdhm = = dm
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and

FcpdTm = dQ.

It follows from Eq. (28) that

dh _ DPCp, bm-hy . . P, Nm-hy
o opllain Ul = U LG s

(29)

(3) Concentration Distribution in
the Presence of Mist

If mist appears on the wall of the exchanger
element Eqs. (23) and (26) must be replaced
by equations which take into account the
resulting decrease in local concentration,
For instance, if it is assumed that the max-
imum amount of condensation takes place,
i.e, the vapor is nowhere supersaturated,
then Eq. (26) must be replaced in the mist
regions by the following relation which gives
the equilibrium concentration in terms of
the local temperature

x
Ps(T)
RT

C = 625

where pg* (T) is the saturation pressure of
water vapor at the temperature T,

Now, C as a function of T must have a
continuous derivative or the right side of
Eq. (23) would become infinite. The slope
of the line represented by Eq. (26) must
then be equal to

»*
dps(T) *
= Y 625(‘(1—“? & P:(T))g.625 [EE.SE’]/RT
1 s RT RTS d7

(30)
at the boundaries of the mist region.

A surface in contact with mist captures
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a mass of moisture which is given in ac-
cordance with Eq. (30) by

dp*(T)

dmm

dQ dT

(31)

The foregoing discussion may be clarified
by reference to Fig. II-1 which contains a
curve C giving the saturation states
P* = Ps*(T) as a function of T,

Let L. be the point which represents the
mean vapor state in the exchanger element
under consideration, Draw the line LB tangent
to curve (C) at point B. Then if the tem-
perature of the surface of the exchanger
element is higher than Tg, T, for instance,
the states of the vapor in the element are
all represented according to Eq. (26) by
points lying on the line AL and there is no
mist in the exchanger, In this case the
moisture which condenses on the walls is
given by Eq. (28) and is proportional to the
slope of AL,

If, on the other hand, the temperature of
the exchanger walls is lower than Tg, T
for instance, then: the states of the vapor
occurring in the exchanger are given by
points lying on the line DBL, The moisture
which condenses on the wall of the exchanger
is now proportional to the slope at D of the
saturation curve (C), This slope may be
considerably less than the slope LB, espe-
cially in the low temperature range.

(4) Monotherm Cooler

A study of the operation conditions of a
refrigerating type of dryer leads to rather
involved calculations in general. However,
these calculations can be considerably sim-
plified if it is assumed that the temperature
of the cooler surface is constant throughout

_ D dC " D 5
& = ) (§5) =e2s () [Es- /R,
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the whole dryer. Although this assumption
is not fulfilled in any actual dryer, since
the heat exchange between the air being
dried and the refrigerating fluid must raise
the temperature of the refrigerating fluid,
still the operating conditions of a monotherm
cooler are typical. This similarity is of
course more pronounced for dryers in which
only small temperature differences appear
at the walls.

If T is the temperature of the cooling
surfaces, then Eq. (27) which may be written
as

FdeTm =-dQ =- KNUL(TI"H-TL) dL
(32)

may be integrated to give

Tm= T +(Tg-T)e™*
(33)

where Tg is the air temperature at the inlet
and X is defined as

K
X = CPFINULdL-
(34)

If no mist appears in the dryer then

*_ * *
T -1 dT
(35)

and Eq. (29) holds so that

* * * »*
dom | Pr_ (Pm=Py) | oo PmPs(M
(36)
Eq. (36) may be integrated to give
[pm-ps (1] = [pg - P5 (T4
(37)
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If now Eq. (37) is divided by Eq. (33)

PcPa(T)]/(Tm=T) = [pg-PaM]e™* /(1 - 1)

<dps(T)/dT
(38)

so that there is no mist in the exchanger
and Eq. (37) is valid throughout the dryer.
Furthermore, Eq. (37) permits the cal-
culation of the mean vapor pressure at
the outlet of the dryer if the integral of
Eq. (34) is extended throughout the whole
dryer.

If there is mist present in the dryer,
then

[P = Ps (M) /(T =T) >dpi (T)/4T.
(39)

The treatment of this case is more com-
plicated since it involves the manner in
which the condensation occurs. It is dif-
ficult to formulate a general rule for the
manner in which condensation occurs, since
the process depends on both the number of
condensation nuclei present and on the con-
tact time, i. e., the time during which a
given mass of air remains in contact with
the walls of the dryer. Even the assump-
tion that the air-water vapor mixture is
never supersaturated does not materially
simplify the computations. No general con-
clusions may be found, since the evaluation
of the derivative dp},/dL can be obtained
only if the extent of the mist regionis known,
The extent of the mist region is, of course,
dependent on a knowledge of the detailed
temperature distribution which must be
studied for each particular case,

In order to obtain conclusions of practical
value, it is necessary to assume that the
condensation occurs only in the immediate
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vicinity of the walls. This will be the case
if the condensation nuclei are few or if the
contact time is short, In either of these
cases only the slow moving fluid in the
boundary layer has time to reach equilibrium.

If we assume condensation occurs only
in a boundary layer near the cooler’s sur-
face, then only a negligible amount of mois-
ture condenses as mist, but this small
amount is sufficient to control the diffusion
of the water vapor toward the cooler’s
walls. The icing flow will be proportional to
[dps (T)] /dT  which is a constant for the
entire exchanger. This assumption, there-
fore, leads to the most unfavorable operating
conditions which are expressed by the
equatjon

dPm / dTm = 1.45 dp (T)/ dT
(40)

which has as its solution

Pm=PE - 1.45 (Tg~T) (I~ e X)dpg (T)/dT,
(41)

However, even though there is mist at
the inlet of the exchanger, it is not necessary
that the mist should persist down to the out-
let of the cooler. That this may be the case
is evident if Eq. (41) is combined with Eq.
(33) to give

»* k3
pm "p§ rr) -
Tm‘T
.45 [—Eﬁ—) Ju-eX)+ [o-pg )X (-1,
(42)
Eq. (42) shows that the slope [p* -p] (T)]/

Ty -T is a decreasing function of the dig-
tance from the cooler outlet so that
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[Pr:, 'P:(T)] /Ty =T may become smaller
than the critical value of pos (1)] /dT,

pel
Pg = (T) + (Tg-T) —ﬂ < p; < p;(T)

dps(T)
+ [145-.45¢%](e-T) B .

(43)
Thus, there exists in the exchanger an
element, defined by the value X' of the

parameter X, at which the mist disappears.
Furthermore, the value of X' is given by

X < g)]145- o~ o M/ (-1 (5 dTm)]

(44)

From this value of X' through the rest
of the exchanger, the vapor pressure will
be given by a slightly modified form of
Eq. (37)

* * 3 g

Pm® p:(T) + [Dm' -DS(T)]e adadd
(45)
where p;‘. is the mean vapor pressure in
the element at which the mist disappears.

This vapor pressure ppjy may be cal-
culated from Eq. (41) and (43) as

Pz p2(T) +(Tg-T)e X dpX(T)/dT.
(46)

Using the results of Eq. (45) and (46) the
partial pressure of the water vapor at the
outlet is given by

17} P
= p:(TH-.?O(TE-T) [—ps—-dd:.( )]e -

(Pe-paT))
EaTE
.45~ dps(T)

(TN 5

(47)

19

However, if

% palT)
Pg > PX(T) + (145 -.45¢ ) (Tc-T) t—ﬁ—)

(48)

then all of the walls of the exchanger are

covered with mist and Eq. (41) holds
throughout the dryer so that
*
P -x) [desiT
P = P -145 (Te-T) (1-e™) [G—]
(49)

where X is computed for the entire dryer,

All of the above results are shown on the
graph of Fig. II-2, The various regions of
no mist, part mist, and all mist in the ex-
changer as expressed in Eq. (43) are clearly
shown., In the first region, i, e., no mist in
the exchanger, Eq. (27) gives p; as a function
of pg. In the region where there is some
mist but the mist does not persist to the
dryer outlet, Eq. (47) EXpI'EbSGS the re-
lationship between pf and p For the
case where the mist persists to the dryer
outlet, pf is the function of p¢ which is
given in gq. (49). The entire curve, of course,
is based on the assumption that when mist
occurs it occurs only in the boundary layer
near the wall of the dryer.

Two additional curves are given which
give the estimated characteristics for a
dryer fitted with a mist trap at the outlet.
The dashed curve corresponds to a perfect
mist trap, i. e., one with a sufficiently high
concentration of condensation nuclei so that
the partial pressure at the exit approaches
the saturation partial pressure for the outlet
temperature., The dotted curve corresponds
to the case for which there are fewer con-
densation nuclei so that the air leaving the
dryer may be supersaturated.
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(5) The Parameter X

The parameter X which is defined in
Eq. (34) is obviously dependent on the mass
flow through the dryer. However, it should
be noted that X is independent of the pres-
sure level in the dryer because the Nusselt
number is a function of the Reynolds number
only, and this Reynolds number is itself
simply proportional to the mass flow F,

Furthermore, since the Nusselt number
is generally proportional to a fractional
power of the Reynolds number, X is a de-
creasing function of F, with X decreasing
less rapidly than 1/F. Without reference
to a particular heat and mass exchanger, it
is impossible to state specifically the X-F
dependence.

Since X is independent of the pressure
p, the graph of Fig. 11-2 may be used at any
pressure level., If, however, the absolute
humidities rather than the vapor pressures
are of chief interest, the pressure in the
dryer enters through the formula

(6) Dryer Operation at Different
Cooler Temperatures

From Fig. 11-2 it is apparent that for a
constant value of the cooler temperature,
it is impossible to operate indefinitely without
mist as the inlet humidity increases. It is,
therefore, interesting to study the behavior
of a monotherm cooling dryer at various wall
temperatures, Fig. 11-3 shows the outlet
partial vapor pressure as a function of the
inlet partial vapor pressure for a given
cooler, i.e., a cooler characterized by a
definite value of X as the temperature in-
creases from T, to T,. The auxiliary
saturation curve (C) is shown to clarify
the situation.

20

Fig. 1I-3 clearly shows that much lower
humidities at the dryer outlet are obtained
at higher cooler temperatures for a given
range of inlet humidities. This rather sur-
prising result is due to the fact that at the
higher cooler temperature, operation without
mist is possible for much higher inlet hu-
midities. This important result may explain
why cooling dryers have not always met the
expectations of their designers.

A cooler which does not operate as a
monotherm cooler might give more satis-
factory operation over a wider range of
inlet humidities.

(7) Pressure Losses in Cooling
Dryers

The pressure losses encountered in a
cooling dryer are much smaller than those
encountered in dryers which use granular
adsorbents., The pressure losses in drying
plants which utilize adsorbents will be dis-
cussed in detail later,

The pressure losses for cooling dryers
are of the same order of magnitude as the
losses present in the dryer circuit plumbing.
Therefore, there is no need for great ac-
curacy in computing the pressure losses; a
knowledge of the order of magnitude of the
pressure losses is sufficient,

The computations may be further sim-
plified by assuming a Prandtl number of
unity so that the Reynolds analogy holds for
both turbulent and laminar boundary layers
and wakes, and the temperature and velocity
profiles are similar.

Thus, in each element of the dryer

do____ Sdp
K(Tm-'TLj % “Vm

(50)
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where
S' = cross sectional area
Vm = mean velocity
dp = the pressure loss in the element,

Now if Eq. (27) is used in conjunction
with Eq. (50)

dp = PV K F ' Nu dL = PVpdX.
(51)

Eq. (51) may be integrated if Vg, is
assumed constant to give

Ap = PVrzn ‘i
(52)

Eq. (52) is useful as a first approximation
for pressure losses.

(8) Drying by Cooling for Various
Requirements

In dryer design the following plant types
must be considered: First, dryer in bypass
used to stabilize the tunnel humidity in spite
of given air leaks; second, charging dryers
(a) in series with the tunnel or (b) in bypass
used to predry the tunnel air; and third,
initial dryer used to eliminate the bulk of the
atmospheric humidity.

The third type would generally be used in
conjunction with a second dryer which would
give the final low humidity necessary for
the tunnel operation. An example of this
third type of installation would be the after-
cooling of the compressors used for a high
pressure tunnel. The third type of dryer
plant is subject to requirements analogous
to those for the second type of plant, except
that the desired outlet humidity need not be
as low.
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(9) Bypass Dryer; Compensation
for Air Leaks

Let Fg be the mass flow of air through
the bypass and let F, be the mass flow of
humidity into the wind tunnel through leaks
in gm/sec. Then, if the maximum tolerable
humidity is h and the humidity at the dryer
outlet is h¢ the following relation must hold

F =Fg (h=hg).
(53)

It is obvious from Eq. (53) that the max-
imum practicable bypass flow must be used
in order to minimize the dryer requirements.
General practice is to bypass a maximum of
about ten percent of the tunnel flow in con-
tinuously operating supersonic wind tunnels
which use the driving compressor to force
the flow through the bypass dryer.

If the dryer is to operate without mist,
Eq. (43) shows that

*
d
ps (T) +(TE-T)[-§§E} >pg = 1.6 ph

(54)

where p is the air pressure entering the
dryer.

Hence, Eq. (37) applies in the form

h'(F! /FB)]

*
ps{T) - |.6p[ “_e—l-ﬂax)

(55)

if use is made of Egs. (53) and (54). Eq. (55)
gives a relation between P¢(T) which is a
function of the temperature T of the cooler
walls, and the parameter X, which is a
function of the amount of cooling surface
needed.
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For each specific case a choice must be
made for one of these quantities after which
the other will be determined by Eq. (55).
It is furthermore clear that a higher cooler
temperature will correspond to a larger
cooler surface and conversely, cooling to
a lower temperature will lead to a smaller
dryer. If, however, the condition of no mist
in the dryer is to be maintained, there will
be a lower bound for the parameter X since
the temperature, T, cannot be lowered too
much,

The lowest temperature to which the air

may be cooled corresponds to the condition

| for which mist is about to appear at the
dryer inlet, namely from Eq. (54),

dpe(T)
ps (T) + (Te-T) [7"3%—] =1.6 ph.
(56)

Hence from Eq. (55) it is apparent that
X must-be greater than

Fp/F
Xmin = —.694n [I be —u—*—'] ’
(h-.625 p7p)
(57)
If the dryer is an ideal mist dryer, i.e.,
one for which there is no supersaturation
at the dryer outlet and which is followed

by a perfect mist trap, the design condition
of Eq. (53) may then be written as

Ps (T¢) = 1.6 p[h-Fe/ Fg
(58)
where Ty is the outlet temperature,

The temperature of the cooling walls,
T, must be less than the outlet temperature,
T¢. A lower bound for X may be found from
Eq. (33) by putting X = 0 to get,

Xmin =!n (TE/Tf) [
(59)
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It is, of course, possible to obtain a
smaller value of Xpn, in this case,i.e,
a dryer with mist may be made smaller
than a dryer without mist and still meet
the design specifications., However, the
operation of the dryer with mist will have
to be at a substantially lower temperature
than the operation of the dryer without
mist,

(10) Charging Dryer

This type of operation is characterized
by a high inlet humidity, usually atmospheric
humidity. However, the flow rate is not
subject to restrictive requirements.

Due to the high inlet humidity, it is
generally impossible to design a monotherm
cooler which will give the desired outlet
humidity and operate without mist. Two
possible alternatives are to use a mist trap
or to use a cooler with nonconstant wall
temperature in which the walls near the
inlet are warmer than the walls near the
outlet,

The design criterion for this type of
dryer system is

p; (T¢) = 1.6 ph
(60)

where h is the humidity which is tolerable
in the tunnel. The problem now reduces
itself to designing a heat exchanger which
will give an outlet temperature, T¢, which is
calculated from Eq. (60).

(11) Dryer in Bypass Used for the
Initial Drying of a Tunnel

The bypass dryer is generally intended
to handle two functions, initial drying and
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stabilization. A monotherm cooler designed
as a stabilizer will be quite inefficient for
initial drying in view of the high inlet hu-
midity, unless the cooler temperature is
raised. This temperature should then be
gradually lowered during operation, reaching
the lowest design value at the end when the
humidity has dropped to the required level.
Such a technique has not been carried out in
practice to our knowledge, but it is expected
to be the most efficient.

Here again, an installation which allows
a wide variation of wall temperatures can
be expected to perform better. The re-
quirements in this case generally include a
limit for the duration of the initial drying
period.

Let us first compute this duration for an
ideal mist dryer, with trap (air saturated at
outlet temperature T¢). If hy is the atmos-
pheric humidity existing initially in the tunnel,
h the humidity required after drying, hy the
outlet humidity downstream of the dryer,
which is constant in this case, then the hu-
midity evolution during the drying operation
is subjected to the obvious differential
equation:

d(mt hf)/d' ='F5(hr hf)
(61)

my being the total tunnel air mass to be
dried, hy the humidity at a time, t.

The solution of Eq. (61) is

hy=h¢ + (hg- hf)e-(FB/"'*“
(62)

and the duration to be computed, is

il (hg-h¢)
2 (FB )"n [lh‘hf)]

(63)
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or, approximately,

(64)

A limitation to this duration imposes a
definite value to h, and therefore to the
cooler temperature.

We will now outline the calculation in
the ideal case of a monotherm dryer with
the temperature varied during the drying
in the theoretically most efficient way, i.e.
so that at each stage the mist just fails to
appear at the inlet, The differential equation
is as above, except that hg now varies with
time so as to maintain the no-mist conditions

*
dpelTt)
D: =z D; (Ty) +(TE-Tt)["E?'——]

(65)
T, being the cooler temperature at a time .

The duration is found to be

; [ (my/Fg) ]1 [(dp;/dTo)]
2 n .
U T (dpg/dT)

(66)

If an exponential law is used for the
saturation pressures, which is accurate
enough if the considered temperature range
is not too wide, this duration is seen to be
of the order of

' o [ (my/Fg) ]!n [(gg) I+alTg-T) ]
© Lg-e™**%y h/7 1+a(Tg-Ty)

(67)
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which can be much less than the correspond-
ing duration in the case of an ideal mist
dryer, if

h-hf<<h,
(68)

In Eq. (67) a is the temperature coef-
ficient in the exponential law assumed for
the saturation pressures,

In the case of a dryer designed for hu-
midity stabilization by cooling with given
wall temperature, the comparison between
the two methods of operation is impossible
when, as happens in a few instances, one
is unable to reach the working conditions if
mist is present. This arises if the saturation
pressure corresponding to the outlet tem-
perature is higher than the vapor pressure
corresponding to the final humidity that can
be achieved in absence of mist. In real
cases of imperfect capture of moisture, it
can even happen when this saturation pres-
sure is lower than the vapor pressure
ultimately wanted. Users of cooling dryers
should ascertain whether or not they are
working under conditions in which a rise in
the temperature of the cooler will help the
drying, and allow the humidity to be further
lowered.

(e) Drying by Compression
(1) Introduction

Compression followed by cooling down
to initial temperature is a natural way of
drying, if compressed air is needed for
tunnel operation. This is the case for blow-
down type intermittent wind tunnels, or for
continuously operated, closed wind tunnels
with high stagnation temperature, Flexible
operation of closed wind tunnels, in which
many changes of pressure level are made,

ABBOTTAERDSPACE.COM

often requires dry air supply, which can
best be preserved in high pressure reser-
voirs. Predrying by compression is also
obtained.

A further dryer is generally needed to
satisfy the requirements but it will operate
under most favorable conditions, because of
the very low inlet humidity. In the case of
the adsorption dryer, it appears likely that
the high operating pressure adds to the
performance. It is by such a combination
of compression and aftercooling followed
by drying in a complementary adsorption
dryer that the lowest humidities can be
obtained.

The only drawback of the system is its
power requirement, which is very much
higher than the power required to operate
or regenerate any other type of drying plant,
In case compressed air is not used for
tunnel driving, this might seem to be an
important economic argument against the
use of high pressure storage, aside from
the cost of the vessels themselves. Actually,
this might not be the case if the installed
power were kept low and the compressors
operating continuously.

(2) Humidity After Compression

If a compression is carried out to a
pressure of P, the partial vapor pressure
of moisture is raised for a given value h
of the absolute humidity to

.
P =1.6ph.
(69)

If a heat exchanger is placed downstream
from the compressor, lowering the air tem-
perature to its initial value T, the air may
become supersaturated, and condensation
may occur, the vapor pressure decreasing
to the value pg (T,).
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The absolute humidity is consequently
lowered to the value
#* )
= 0.629 Ps (To)p .
(70)

in terms of the
corresponding to

This can be written
absolute humidity hs.a
atmospheric saturation:

h'= hg q (Pg/p)
(71)
Pq being the atmospheric pressure,
hgq isof theorder of 10°2 gmH,0/gm air.

To obtain by sheer compression the usually
required 0.2 X 10 gm/gm, a compression
to 50 atm is thus necessary.

If a lower humidity is required for tunnel
operation, an additional dryer will have to
be fitted, but it will generally be much
smaller than the dryers considered so far,

(3) Power Required for Compression

If an ideal isothermal compression to a
pressure p is considered, the work done per
unit mass is given by

w:nTofppd(%) = RTy Jn(p%) *RT, ""(Dﬁ‘g)'
Pa
(72)

Cooling by a perfect refrigerator to a
temperature, T, requires a work

Wy = Cp(To—T](I-Jr-;)' o

If an exponential law, e?T , is chosen to
represent the saturation pressures, the two
works may be compared on the basis of
same final humidity, their ratio being

W/ Wy = (R/cpla Tg (To-T)7
(74)
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R/cp is about 3, To is usually of the
order of 300° K, Tog-T of the order of
60° K, so that

W/ W & 500 a
(75)

a being about 0.10. The ratio is seen to be
of the order of 50. This validates the
inference of the introduction.

(4) The Aftercoolers

These coolers may be considered as
dryers by cooling, so that the considerations
of the preceding chapter may be applied.

As already stated, this is the only type
of dryer not in practice that does not need
regeneration, the moisture condensing as
liquid and flowing away into a small reser-
voir that has to be drained from time to
time,

The same problems arise, however, about
the mist which has to be separated.

(f) Drying by Adsorption

(1)

Solid granular adsorbents, widely used in
wind tunnel drying plants, are believed to
derive their adsorbing potential from some
sort of intermolecular attraction between
gas molecules and the porous surfaces of
the adsorbent. Theories for the steady state
or equilibrium case of adsorption have been
derived by many physicists and chemical
engineers. For details, the reader is
referred to the books by Mantell (Ref. 23)
and Brunauer (Ref. 24) each of which has an
extensive bibliography.

Introduction

In wind tunnel drying plants, the adsorption
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process, however, is nonsteady or dynamic.
Except for performance data of manufac-
turers of drying equipment, almost no data
are available for the case of dynamic adsorp-
tion. Recent work by Dehler (Ref. 25) and
others (Refs. 30 and 32) in the U. S. and
Bateman (Ref. 26) and others (Ref. 35) in
England has started to give some data about
the dynamic case. Their work, however, is
still in progress and only the initial results
are available,

The lack of a theory for the dynamic
adsorption process makes it impossible to
evaluate the available empirical data sys-
tematically.

(2) Equilibrium Adsorption Process

An adsorbent in contact with a gas will
adsorb an amount of gas proportional to the
quantity of adsorbent. The ratio of mass of
gas adsorbed to mass of product is called
(equilibrium) concentration or percentage
adsorption (if expressed in percent). It is
a function of the partial pressure of the gas
and the temperature of the adsorbent. The
gas of interest to us is a mixture of air and
water vapor, Because the adsorption of air
and its constituents is almost negligible,
the partial water vapor pressure alone will
enter into the equilibrium equation. For a
given total pressure, this can be expressed
in terms of the absolute humidity (or the
relative humidity, if the temperature is
known).

An adsorbent can be described by the
functional dependence among three param-
eters: (a) its concentration at a given tem-
perature and partial pressure, (b) its tem-
perature, and (c) the absolute humidity or
the partial pressure.

The concentration at constant temperature
is, of course, a rising function of the partial
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pressure or humidity. The curves represent-
ing this function are the adsorption isotherms
of the adsorbent. Figs. II-4 and II-5 give
examples of such isotherms for the most
widely used adsorbents, silica gel and
activated alumina.

If the partial pressure or absolute hu-
midity is kept constant, the concentration is
a decreasing function of the temperature.
The corresponding curves are the so-called

isopiestics. Figs. 1I-6 and I1-7 represent
isopiestics for silica gel and activated
alumina,

It is seen from these curves that the
adsorbing capacity, or concentration, of
silica gel is somewhat greater than that of
activated alumina under all conditions of
pressure and temperature,

(3) Heat of Adsorption

The adsorption of a gas by a granular
substance is an exothermic process. The
heat liberated per unit mass adsorbed is
called heat of adsorption.

It is generally assumed that the heat
liberated is proportional to the concentra-
tion, Although no general rule can be
deduced, the heat of adsorption of practical
drying materials is of the same order of
magnitude as the heat of condensation but
numerically greater. This implies that the
adsorption isotherm is concave to the pres-
sure axis for small partial pressures, as
shown in Fig, 11-4 and 1I-5.

Numerically, the heat of adsorption is
approximately 600 cal/gm water adsorbed,
in normal conditions. It is, however, slightiy
but intricately dependent on temperature and
nature of adsorbent and on the amount of
water already adsorbed.
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The heat of adsorption increases the
adsorbent temperature of drying plants and
consequently lowers its useful concentration
or drying efficiency for given inlet humidity.
The removal of this heat of adsorption is
one of the main difficulties of adsortion
dryers, especially in the case of large
plants operating under high inlet humidities.
Precooling of the air to be dried has been
used in some instances but internal cooling
of the plant may also be required.

(4) Dynamic Adsorption Process,
General

Nearly all wind tunnel drying plants using
the principle of adsorption operate under
dynamic conditions. This involves the flow
of humid air through the adsorbent, and the
time required to lower the humidity to a
specified level, Since this is a relatively
recent technique of adsorption, sufficient
information about it is rather scarce and
sometimes misleading.

It has been stated, for instance, that the
time required to reach equilibrium conditions
is large, varying from fractions of a second
to several minutes,

It is believed that the question of reaching
low humidity equilibrium must be answered
in two parts. First, equilibrium between
the humid air in contact with the adsorbent
and the active adsorbent itself is obviously
reached instantaneously since a molecular
process is involved, Second, the time con-
suming part consists of bringing the entire
quantity of air to be dried in contact with
the adsorbent so that a certain minimum
mass of air attains the low humidity equi-
librium. This is essentially a gradual dif-
fusion process analogous to the time-
consuming process of reaching thermal equi-
librium when a cold gas comes in contact
with a hot wall,

27

A set of partial differential equations can
be derived to describe this mechanism of
dynamic adsorption. Before presenting this
proposed theory, however, the available
empirical data will be summarized.

(5) Dynamic Adsorption Process,
Empirical Data

First of all, one should recognize that
experimental work with adsorption dryers
is complicated by the presence of the very
important thermal effects, These are gen-
erally not considered unless careful tem-
perature measurements of the adsorbent
are made,

Manufacturers of adsorbentdryers usually
present performance data as a curve of outlet
humidity versus mean water concentration
(i.e. ratio of total mass of water adsorbed to
mass of adsorbent in the dryer) with inlet
humidity and airflow as parameters.

An example of such a curve is given in
Fig. 11-8. It is seen that asteep rise follows
a range in which hgy is essentially zero,
The steepness of the rise is such as to
justify the conclusion that the plant efficiency
vanishes at this point. This is called the
break point, and the corresponding concen-
tration is the maximum useful concentration
of the dryer.

More accurate measurements, such as the
ones carried out by Bateman (Ref. 26),
show the outlet humidity variation to be not
as simple as this. The discrepancy is at-
tributable to the inaccuracies or slow res-
ponse of hygrometers. However, the curve
of Fig. I1-8 can be obtained with very slow
airflow or with very deep adsorbent layers,
both giving a long contact time between any
air particle and the adsorbent. (This can
also be shown by the theory given in the next
section.,) Bateman’s tests, however, were
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made under conditions similar to those en-
countered in current wind tunnel practice,
and lead to curves of the type indicated by
Figs. 11-9 and II-10.

The initial portion of low outlet humidity
is followed by a gradual increase of the slope.
After the maximum slope is attained, the
curve becomes approximately straight.
Although a break point no longer exists,
the starting point of the region of increasing
slope gives an indication of the maximum
useful concentration, As seen in Figs, 1I-9
and II-10, this starting point depends strongly
on both the inlet humidity and depth of the
adsorbent layer,

The experiments of Bateman included
accurate measurements of temperature dis-
tribution in the plant,

The tests were made for various values
of the three following fundamental param-
eters: inlet humidity, grain size and
contact time, Contact time is defined as
the ratio of adsorbent depth to velocity of
the airflow, or the ratio of adsorbent volume
to air volume flow,

The mean concentration of the adsorbent
was deduced from inlet and outlet humidity
measurements from the relation

(F\
mean conc. —(E-,) jo' (h¢-hg) dt
(76)
where
F = air mass flow (in gm/sec.)

m' = total mass of adsorbent used in the

plant

inlet absolute humidity

=2
m
"

=
-
1

= outlet absolute humidity.

BBOTT ERDOSPAC

The ratio F/m' can also be written

ace
(77)

where P' and P are the adsorbent and air
specific masses, t the contact time,

We now review the five conclusions
Bateman drew from his tests.

First, the maximum temperature rise in
the plant is remarkably independent of grain
size, depth of adsorbent layer, and contact
time, as already observed by Dehler (Ref.
25). It is a nearly linear function of the dif-
ference of inlet and outlet humidities as
given by

AT = const. (hg - hy)
(78)

where

const, = 30° C x 10® per gm/gm for
silica gel

34° C x 10° per gm/gm for
activated alumina.

const, =

Second, the useful concentrationdecreases
with increasing inlet humidity, which is
contrary to expectations, The discrepancy
is certainly due to the increase of adsorbent
temperature.

Third, the useful concentration is not
proportional to the product of depth and
constant contact time, but increases much
more sharply with an increase in depth.
A deep layer is thus more efficient than a
shallow one, except from the point of view
of pressure losses. (A tentative explanation
of this phenomenon is given in the next
section.)



http://www.abbottaerospace.com/technical-library

THIS DOCUMENT PROVIDED BY THE

ABBOTT

TECHNICAL LIBRARY

ABBOTTAERDSPACE.COM

Fourth, the grain size also influences dy-
namic adsorption efficiency. Smaller grains
seem to be more efficient for inlet humidities
higher than 0.3 to 0.5 x 10% gm/gm.

And fifth, there is comparatively little
difference between the performance of the
adsorbents tested, silica gel and activated
alumina, especially if the depths are adjusted
to give equal pressure losses.

A more recent experimental study was
made by Gruenewald (Ref. 27). The adsorb-
ents, which were under consideration for the
NOL 40 cm by 40 cm wind tunnel, were tested
in a tube under short contact times of 0.4
sec. No temperature measurements were
made. However, since the tests extended to
very low humidities (0.5 x 10°2 gm/gm) the
thermal effects should have been less im-
portant,

Fig. II-11 shows the results of these
tests. It indicates that silica gel is superior
to alumina and sova bead, a product of the
Socony Vacuum Oil Company of New York.
The previously stated effect of grain size is
confirmed. The trend of the curves agrees
with what one might expect at these low con-
contact times even though the humidity
measurements were not accurate below
ho= 2 x 1002 gm/gm. The extensive data
on pressure losses of this reference are
summarized in a later section,

(6) Proposed Theory of Dynamic
Adsorption "

A theory of dynamic adsorption, which has
recently received some direct experimental
substantiation, will be outlined in this section.
Preliminary experimental data on an
exchange coefficient, which is fundamental if
the theory is to be applied, is included. A
tentative design method, derived from this

theory, under suitable simplifying assump-
tions, will be explained in the next section.

As stated in section (f) (4) of this chapter,
one assumes that equilibrium of adsorption
exists between the humid air in direct con-
tact with the adsorbent and the adsorbent
itself. The transfer of humidity from the
bulk of the airflow to the surface of the
adsorbent is a diffusion process which super-
poses itself to the main airflow through the
drying bed.

Consider a section of the adsorbing bed,
perpendicular to the airflow, in which a
uniform distribution of mean humidity and
temperature is assumed. Let h be the mean
humidity and h, the equilibrium humidity
corresponding to the instantaneous water
concentration and temperature of the adsorb-
ent in this section. By analogy to other
diffusion phenomena (see, for example,
Section II (d) (2)), it seems reasonable to
assume that the transfer of humidity in a
section can be expressed as a diffusionmass
flow, Fi,, as follows:

dFm = Pk (h-hg) dx

(79)
where
Fm = mass flow to adsorbent, in gm/sec
and cm? cross sectional area
k = overall coefficient of mass

exchange (analog to Nusselt
number) in sec™!

p = specific mass of air.

This flux of humidity must equal the rate
of change of humidity of the air flowing with
a velocity V through the dryer bed. Hence,
one has, per unit cross sectional area

hy+ Vh, = -k(h=-hg),
X e (80)

29
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Subscripts denote partial derivatives,

The local time rate of change of the in-

stantaneous water concentration of the
adsorbent, C', is:
' dFm _ Wi
C?" ;ra;"—k(P/P)(h he).
(81)

The primes indicate absorbent values,

The equilibrium isotherm gives an addi-
tional relation of the form

he=he (C', T').
(82)

Thermal effects are described by a further
set of equations, established by similar
reasoning. There results:

PCp(Ty+ VTy) = k(T-T)
(83)
and
P c Tt-K Ty = APK (h-hg) -k(T'- T)

(84)
where

¢p = specific heat of air at constant
pressure (in cal/°C and gm)

k, = overall coefficient of thermal
exchange (analog to Nusselt
number), in cal/ °C, cm3, and sec.

¢' = absorbent thermal capacity
(same units as cp)

K' = adsorbent thermal conductivity

cal/cm?,/(°C/cm)

A = heat of adsorption.

30

The set of Eqgs. (80) to (84) describes
the dynamic operation of an adsorptiondryer,
It is complicated, mathematically, because
of the nonlinear nature of Eq. (82).

The coefficients k and k, may be expected
to be closely related, and it seems natural
to assume

k. =P Cpk
(85)

as in the case of turbulent heat and mass
transfer (Lewis relation), which also holds
for the overall coefficients of transfer in
other cases, There is also indirect ex-
perimental support for this relation,

If thermal effects are neglected, the
problem is simplified, because only Eqgs.
(80), (81), and (82) need be considered. This
is allowed provided the inlet humidity remains
very low (say, about hjnet = 1072),as when
a preliminary drier is fitted (compression
plant followed by a cooler) or when thedryer
operates as astabilizer (in bypass), removing
only leakage humidity from an already dry
atmosphere, The neglect of thermal effects
is also justified in the case of an internally
cooled adsorbent bed, even if it is heavily
loaded.

In the cases where thermal effects are
important, drastic simplifying assumptions
must be made to obtain information from
our partial differential system. A first
simplification is always justified and consists
in dropping the term representing thermal
conductivity through the adsorbent in Eq.
(84). A more daring one would be also to
drop the other term in the first member of
the same equation. This can be shown to be
reasonable rather generally and rough
estimates can be expected.

When those simplifying assumptions are
made, the problem becomes equivalent,
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mathematically, to the isothermal problem,
The reason for this lies in the remarkable
relations

h(A/Cp) +Ts= he(A."Cp) + T': const.
(86)

which are easy to derive from the modified
set of equations. An encouraging feature
of these relations is the fact that they im-
mediately yield the empirical Eq. (78).

The coefficients k and k, which we assumed
to be connected by the simple Eq. (85), are
both functions of the velocity of the airflow
in the dryer. Our first tests, based on
purely thermal exchanges, seem to indicate
a roughly linear dependence of k and k, on
V, as indicated by Fig. 11-12, the accuracy
of the method being rather limited.

It is therefore to be expected that the
performance of adsorbing layers will be
dependent on the air velocity (or layer
depth) even if the contact time is kept con-
stant. This can be grasped at once if the
following nondimensional variables are in-
troduced in the Egs. (80) to (84):

. Kk
Y

t = kt .

(87)

The outlet humidity, for instance, will
then be given by a formula of the type

hf = ¢(hE-‘TE'C—:" X') »
(88)
C' being the mean water concentration in

the plant., The function ¢ depends on the
equilibrium curves of the adsorbent, But
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x' is related to the total depth L of the
adsorbent bed by

X' = kL/V= ktg .
(89)

The important conclusion to be drawn
from Eqs. (88) and (89) is the following:
The factor governing dryer performance
for given inlet conditions is not, as univer-
sally admitted (before the Bateman tests),
the contact time t;, but rather the non-
dimensional product kte. According to our
first tests concerning the dependence of
k, on V, this could be converted into a
“rule of thumb’’: the performance of a
dryer depends only on its depth, irrespective
of the contact time, It must, however, be
added that Eq. (88) is valid only if thermal
conduction in the adsorbent is negligible,

The functional dependence of k onadsorb-
ent grain size, the existence of which is
indicated by Bateman’s results, has not yet
been tested, neither has its dependence on the
pressure. It is likely, however, thatk should
increase with pressure, which would account
for the somewhat higher efficiency obtained
when adsorbers are used under high pres-
sures.

(7) Design Method based on Results
from Linearized Theory

Provided the equilibrium characteristic
of the adsorbent, Eq. (82), can be linearized
in the range of T' and he obtained during
operation, the Egs. (80) to(84) canbe reduced
to the so-called Telegraph Equation (always
neglecting the thermal conduction through
the adsorbent). This leads to graphs des-
cribing the dryer operation, which are qual-
itatively equivalent to the experimental
curves given by Bateman.
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Let us first consider the case of the
isothermal operating dryer. A useful ap-
proximate formula can be obtained in
practical cases, where x' as given by Eq.
(89) is much greater than unity:

(—:b/Ce(hE) = [I—{Ofg Erfc(ﬁ hm/hE) A/kfc]a

(90)
where

hm = maximum outlet humidity
tolerated

Ce(hg) = equilibrium water concentra-
tion of the adsorbent in the
presence of the inlet air
(static capacity)

G = mean concentration obtained
when h 4.t finally reaches
the critical value hy, (‘‘break
point”’ dynamic capacity).

Erfc = complementary error function:

@
Erfc(z) = [e? d
z
argErfc = inverse function to Erfc,

A graph indicating the relation Eq. (90)
between the ratio of dynamic to static capac-
ities, the ratio of critical and inlet humidities
and the characteristic parameter kt. isgiven
in Fig. 11-13.

A design method derives from this for-
mula. The requirements are generally the
following: First, the dryer must keep the
outlet humidity below a given level hp, for
a given inlet humidity. Second, a total
amount of water no less than w must be
adsorbed between successive reactivation
periods. Eventually, a limitation is imposed

ABBOTTAERDSPACE.COM

on the pressure losses, for instance, in the
case of full flow dryers for suction wind
tunnels. This leads to the third requirement
that the total pressure losses must be kept
below a certain level, for a given airflow, F,

The designer now has to choose his
adsorbing substance and to calculate the
amount he is going to need. Letv' be the
volume of adsorbent required. Obviously,
one has

Eq. (90) then relates v' to the parameter
kte, or, if k is assumed to be proportional
to the airflow velocity V, to the layer depth
L (‘““rule of thumb’ in preceding section).

In the next section, an approximate formula
for the pressure losses will be indicated,
Eq. (92), from which we conclude that

VLL = (pressure Iosses)/{fFﬁp).

(°1)

This equation, combined with Eq. (90)
permits the determination of both L and V,
the dryer being thus completely charac-
terized,

Unfortunately, we were unable to obtaina
useful general formula, equivalent to Eq.
(90), for the cases where thermal effects
are important, because the problem then
becomes essentially nonlinear, (the main
term in the equilibrium capacity Cg(hg,T')
being proportional to the product hg T'.

One has to revert to step by step treatment
of the partial differential system Egs. (80)
to (84). To gain a general insight in the
cases of practical importance by such
methods seems a formidable task indeed,
each set of initial conditions involving a
separate computation of the solution. This
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would not be worthwhile without a preliminary
experimental study of the equilibrium curves
for small humidities (hg less than 0.001), the
published data being rather incomplete in
this respect.

(8) Pressure Losses in Solid
Granular Adsorbents

Pressure losses in airflows are usually
expressed in terms of a friction coefficient,
f, as follows:

Ap = pg-pg = fPLV?
(92)

pressure loss in mm of water
through a layer of thickness
L. in cm measured along the
flow direction

=)
m
|
o
.
l

air specific mass in
gmem-3 (1.3 x 10~3) under
standard conditions

velocity in cm sec,™'

The friction coefficient, f, depends on the
nature of the substance inthe layer (chemical
composition, grain size, packing, etc.), and
the velocity,

Existing experimental data do not indicate
a strong dependence of f on the velocity,
at least in the velocity range of practical
importance, This dependence is accordingly
difficult to establish with accuracy, because
of the dispersion of measurements. Its
practical importance seems to be small
in view of the strong dependence of f on
grain size, for instance, the definition of
which is unavoidably rather vague.

33
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We therefore analyzed the available data
under the assumption that f depends only on
the desiccant nature and grain size,

A summary of available test data is
given in terms of P f inTable | on page 34.

Wind tunnel operators sometimes com-
plain about large discrepancies between
manufacturers’ data and measured pressure
drops, the first being considered by them as
over-optimistic. Table I, which was computed
from both manufacturers’ data and careful
testing by wind tunnel authorities, does
not show such large discrepancies.

However, in view of the large influence
of grain size and packing, etc., it is recom-
mended that preliminary pressure loss meas-
urements be made on samples of the desic-
cants considered in the likely range of air
velocities and layer depths.

The data contained in the table should
be useful, however, to obtain an order of
magnitude of the pressure losses to be
expected at a predesign stage,

An Qutline of the Problem
of Designing an Adsorption
Dryer

9

The design of a wind tunnel drying plant
using solid granular adsorbent involves the
basic problem of dessicant reactivation.
Current wind tunnel dryness requirements
are such that any sensible amount of desic-
cant, which a reasonable airflow crosses,
will give acceptable outlet humidity. The
problem, however, is tocomply with require-
ments on tunnel running hours or number of
runs between successive reactivation periods
and to minimize pressure losses. Reactiva-
tion does not imply interruption of tunnel
operation if two or more dryers are installed,
but it is a costly operation in terms of heat-
ing power.
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TABLE 1. PRESSURE LOSS THROUGH GRANUL AR ADSORBENTS
Source ; Velocity
Grain Value of f
Substance of Data p Range P a 2
(Ref.) Size cri/sec mm H,0 per (cm?/sec?)
26 6/10 20 - 130 3.55x 107
Silica 27 Coarse' | 35 - 95 1107
gel Fine? 35 - 95 3.0 x107°
25 6/16 0 -50 4.5 x 1"
26 2/4 25 - 150 40 x10™*
4/8 40 - 50 g1 x 1o
Aethoniad 27 sec? 35 - 95 55 =10
alumina 2/4 0 - 50 4.85x 10
28,29 4/8 0 - 50 1.15x 10™
8/14 0 - 50 28 =10
Sova 27 Normal* | 35 - 95 8.3 x 107
bead Split 35 -95 2.4 x10™
Ap=(fp) Lv?
1. Coarse silica gel: 5/6 +6/7+ 7/8
2, Fine silica gel: 8/10
3. Activated alumina used in tests of Ref, 27 has grain size

comparable to coarse silica gel

Sova bead: Normal and split, 9/10 (see Ref. 27)

The pressure losses are particularly
important in the case of full flow dryers for
suction type intermittent wind tunnels.

The frequency of reactivation periods is
inversely proportional to the maximum use-
ful concentration of the desiccant consistent
with the maximum outlet humidity which can
be tolerated.

The solution of this problem requires
knowledge of the relations between useful

34

concentration, inlet humidity, maximum tol-
erated outlet humidity, operating conditions,
and dryer parameters, such as desiccant
composition, grain size, contact time, ve-
locity of airflow, cross-sectional area of the
desiccant layer, and pressure loss as a
function of these parameters.

Unfortunately, a relation of this typ: is
known only in a few particular cases, and
even then the influence of various parameters
is not completely clear,
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The case of a heavy duty or charging
dryer with high inlet humidity (atmospheric
inlet conditions, for instance) is, by far, the
most difficult to handle, because of the
strong thermal effects. It is also the most
interesting case, because the reactivations
are more frequent.

Lack of necessary data compels one to
make simplifying assumptions which are
sometimes of a very rough nature. Equilib-
rium conditions are often assumed, although
the operating conditions are obviously dy-
namic, thermal effects being either disre-
garded or roughly estimated,

The most advanced design method sug-
gested so far seems to be the one by Dehler
(Ref. 25). A linear humidity and temperature
distribution is assumed. The relation between
temperature rise and humidity decrease is
given by Eq. (78) which is used to calculate
the outlet temperature. The equilibrium
curves are then used and the concentration
is assumed to correspond to mean humidity
and mean temperature.

This theory does not take into account
such factors as contact time, flow velocity,
grain size, etc., and is, therefore, not satis-
factory in view of recent tests (Refs, 26 and
27) which show the importance of such
factors and disprove the author’s assumptions
about temperature distribution,

The case of a dryer operating on low
inlet humidity is easier to discuss because
thermal effects are of less importance. This
may be a bypass stabilizing dryer or dryer
situated downstream of some kind of pre-
drying device (compressor plus cooler, for
instance).

In this case, thermal effects can be
neglected and the only important parameter
will be the nondimensional layer depth x!
(Egs. (87) and (89)) which appears in the

35
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theorerical relation between humidities and
water concentrations given in Eq. (78) and
in the explicit Eq. (90), which is valid for
isothermal operation.

If a linear isotherm is assumed for the
desiccant, the characteristic relation Eq.
(89) becomes

C = hg G(X, h¢/hg)
(93)

G is known to be an increasing function of
x' and the ratio h¢/hg, but tests are re-
quired to give more detailed information
about this function.

Knowledge of the maximum useful water
concentration is required for the analysis of
specific dryer operating conditions which
are discussed below.

According to tests, such concentrations
vary considerably. Depending on operating
conditions, they range from a few percent
to more than 10 percent, which corresponds
to the outlet humidities of about 0.2 x 10™?
which are usually required. A predesign
value of about 10 percent useful concentra-
tion is suggested for light duty plants with
contact times of the order of one second.

Other possibilities of improving the
efficiency of drying plants should not be
overlooked, such as precooling of the air,
desiccant cooling, use of a predryer (a re-
frigerating type, for instance) and lowering
the inlet moisture to a value with which
sufficiently greater concentrations can be
reached in the main dryer. At present
almost no performance data are available for
these methods of increasing drying efficiency.
Ref, 26, however, indicates that tests along
these lines are contemplated in England.
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(10) Charging Dryer Operation

The requirements for a charging dryer
using solid granular adsorbent specify the
total air mass m; one needs to dry between
successive reactivation periods. The amount
of desiccant, m', needed can be computed
from the relation

my (hg=hm) = mC (h, hg...)
(94)

where hg is the highest atmospheric humidity
encountered in the establishment, hy is the
maximum humidity tolerated in the tunnel
(generally about 0.2 x 10°*), my is the mass
of air to be dried, and C(h, hg. . .) the con-
centration it can reach, which is an intricate
function of h, hg, contact time, etc.

The time t; required to dry a volume v of
air is given by

tr = v/(SL/te) = (w79t

(95)

where

n

S = dryer cross section

L. = dryer depth

te = contact time

v' = volume of desiccant used.

It must be remembered that t, should be
of the order of one second, so that the
charging time is easily obtained.

(11) Bypass Dryer Operation

A bypass stabilizing dryer is used in a

return circuit tunnel with air leakage of

F, gm air/sec. In this case the dryer inlet
humidity will be very low (about 0.2 x 107%),

BBOTT AERDS

No test results are available in this low
humidity range relating the outlet humidity
with the (low) inlet humidity and the concen-
tration,

The condition for stabilizing the tunnel
humidity against leakage can be expressed
as

F’ |"\0 = FB (hm' hf)
(96)

hg = atmospheric humidity

hm = humidity wanted in the tunnel

-
-
"

outlet humidity after the dryer

o]
m
|

mass airflow in the bypass.

A further relation between the amount of
desiccant used and the mass airflow through
the bypass is

Fg = P/t -

where

©
]

air specific mass in the dryer

volume of desiccant used

<
n

te 5 contact time.

Solving for the desiccant volume, one gets
v'= te(Fy/P) hg/(hm-h¢) -
(98)

For specific conditions of hg = 102,
hm= 0.2 x 10"3, hg§ =0, t. =1 sec., one gets

v' = 50(Fp 7P).
(99)
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The time t; between successive regen-
erations, is given, as before, by

Fp hotr = m'C
(100)

where C is the concentration for which the
outlet humidity hy becomes too high to satisfy
the condition of stable tunnel humidity.

Using Egs.
expressed as

(96) and (97) this can be

f-r= |C(PI/P)C/(hm'hf)

(101)

where P' is the desiccant specific mass.
The order of magnitude of ty is about 5
hours if C is taken to be about 5 percent.
The amount of desiccant has to be computed
either from contact time conditions or re-
activation period conditions, depending on
whether the reactivation period is less or
greater than five hours.

(12) Bypass Dryer for Initial Drying

A bypass dryer can also be used for
initial drying of the tunnel. In this case,
the air is circulated in the bypass before
the tunnel is started. The duration of such
an operation is limited as shown by the
following discussion.

The outlet humidity hf must obviously be
less than the required tunnel humidity hq,
during the process, if a finite time is to
be obtained.

Let ht be the humidity in the tunnel en-
closure at the time t. A differential equa-
tion for the decrease of humidity in the
enclosure can be written as

dhy = - Fgdt(hy-h¢)/my
(102)
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where Fg is the bypass air-mass flow and
m¢ the total mass of air enclosed in the
tunnel.

Solution of this equation gives

t 31
Mﬂm€%"m'+wym”fhﬂﬂeﬁythHM
(o]

(103)

where hg is the initial (atmospheric) hu-
midity.

It is rather difficult to estimate the in-
tegral, because hy is a function of bothh; and
the instantaneous water concentration of the

dryer. If hy is assumed zero during the
whole process, then
_ -Fgt/m¢ ,

(104)

The process of initial drying will be
completed when ht = hm. The durationof this
process is

t = (my /Fg) |Oge(h0/hm).
' (105)
The term (mi/Fg) can be expressed in
more practical terms, namely, the total
volume vt of the tunnel enclosure, the

volume v' of the desiccant used, and the con-
tact time in the dryer, t¢:

(106)
s0 that
t= fc(‘ut/v') Ioge( hafhm) .
(107)

With the usual values for hq and hm, the
duration is of the order of 4(vy/v' ).
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If the dryer is also intended to stabilize
the tunnel humidity against air leakage, it
must be designed in accordance with the
equations in the preceding section. A com-
parison of the time required for initial
drying and the time required to stabilize
against leakage shows that the initial drying
time is about one-tenth of the time required
to fill the tunnel enclosure with an airflow

| equal to the leakage flow. For initial drying
times less than this amount the amount of
‘ desiccant required must be calculated from

| v'= vy (e /1) logg (hy/hpy)
(108)

where t is the desired duration of initial
drying.

‘ For duration of the order of one hour,

| the amount of desiccant, v»', needed is about
one-thousandth of the tunnel enclosure vol-
ume vt

Another design condition has to be taken
into account; the water concentration of the
desiccant shall not exceed a value giving an
outlet humidity comparable to the inlet hu-
midity during the process. This concentra-
tion is approximately (mjhg)/m' at the end
of the process. Let C be the maximum use-
ful concentration, then

' /vy > (P/ ') (hg/C).
(109)

Using Egs. (34) and (33) the following
inequality for the duration results

t < t{P'/P)(C/hq) logg(hg/ hyy).
(110)
For C = 5 percent the right hand side is
approximately five hours. This duration

corresponds to the smallest possible dryer
for this purpose.
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Finally, it should be noted that the dura-
tion required for initial drying by a bypass
plant is In(hg/hm) times, or about four times,
the drying time of a charging dryer with
the same amount of desiccant,

(13) Design of a Full Flow Dryer

In the case of a charging or full flow
dryer, the maximum allowable pressure
loss through the dryer must be taken into
account,

From Eq. (92) the pressure loss, interms
of the dryer geometry, is equal to

Ap= fPLY1E
(111)

and the mass flow of air to be dried, F , is

F= P‘U'/I‘c .
(112)

The time, ty, between successive reac-
tivations can be expressed in terms of the
maximum useful concentration of the desic-
cant from the equation

tT Fh.:| = Cv'p'
(113)
where C is a function of both the atmospheric

humidity hq and the desired tunnel humidity
hm.

Elimination of v' and t. from the above
relations leads to the following expression
for the pressure loss

Ap = (FpL3/12)(C/hg)? (P PP,
(114)
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With f=10", C= 5% and the usual
values for hg, we get
Ap = 10*(L3/13) mm H0 -
(115)

A relation between contact time and total
drying time is given by Egs. (112) and (113)
and is

tr = (P'/P) (C/hg)tc.
(116)

The ratio of ty/te is therefore about
3 x 10® using the usual values for the other
parameters. Thus, for a contact time of
one second, the drying time is about one
hour.

The important dryer parameters can also
be related to the nozzle throat size of a
supersonic tunnel, Since sonic conditions
exist at the throat, the mass flow through
the tunnel can be given as

(Y+1)/(27)

F=p55a =p5alP/p)

(117)

The quantities at the throat are indicated
by bars, a is the speed of sound, the critical
pressure ratio p /p is 0.528 for air, and
r= 1.4,

The desiccant volume is then from Egs.
(112) and (117).

S'L = 0585 atc

(118)

where S' is the cross-sectional area of the
dryer bed.
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Solving for L and substituting into Eq.
(114) gives the following relation for the
pressure loss:

Ap = 08:10°fpt, (578"
(119)

in mm H,O0, The standard atmospheric
value of a = 3.4 x 10* cm/sec has been used
in the last expression,

If fp is taken to be 107 andt¢ = 1 sec, the
pressure loss is approximately

Ap = 0.8:10°(5/5"PmmH,0-
(120)

A pressure loss of the order of 0.01 atm,
for instance, will require, therefore, adryer
cross section of around four hundred times
the throat cross section,

The depth of the dryer bed in cm is,
from Eq. (120),

L = 2:10*(5/8') 1.
(121)

or about 50 cm for the case considered
above.

Very large dryers are thus required to
meet this type of specification. The cross-
sectional dimensions are generally much
greater than the depth, and the desiccant is
therefore placed either in a horizontal layer
covering a large surface or in some kind
of vertical honeycomb-like structure.

(14) Reactivation of Desiccants

The principle of the reactivation process
lies in the reversibility of the adsorption
phenomenon. The equilibrium curves (Figs.
I1-6 and I1-7) show that heating the desiccants
results in a decrease of the water concen-
tration for given ambient humidity.
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A temperature rise of about 150°C will
reduce this concentration to a residual 5 or
6 percent, which is negligible for subsequent
adsorption cycles. This residual concentra-
tion is always disregarded when dynamic
operations are considered. The useful con-
centration is simply computed from the
amount of moisture adsorbed from the air
during the drying operation,

Since it would be impractical to remove
the desiccant from thedryer, the reactivation
is generally accomplished by circulating
heated air through the dryer itself.

Progress of the reactivation process can
be observed either by so-called indicator
desiccants, or by measuring the outlet tem-
perature or humidity of the air. Anindicator
is an adsorbent the color of which changes
with its water concentration. To be useful,
its reactivation characteristics must be sim-
ilar to those of the desiccant used (‘‘Indicator
Silica Gel’”” in the case of silica gel, for
instance). Measurement of temperature of
the air downstream from the dryer gives
reliable information because this tempera-
ture remains constant during the reactivation
period, after which it increases to a value
near the ‘inlet temperature. The process
can then be considered completed. The outlet
humidity is subject to a similar variation,
but its value becomes very small near the
end of the reactivation cycle and is there-
fore difficult to measure.

Drying plants with completely automatic
reactivation can be designed by letting the
outlet temperature control the circuit vanes
and the heater units through servos.

(15) Miscellaneous Problems
of Adsorbent Dryers
a. Deterioration by Oil Vapors

It is well-known that the presence of oil
vapor or droplets has a deleterious effect
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on solid granular adsorbents. The oil forms
a permanent deposit which deprives the
desiccant of all its adsorbing capacities.

In wind tunnel installations where the
drying has to be performed downstream of
compressors, precautions must be taken to
prevent the oil vapors from contaminating
the dryer.

This requires installation of a suitable
oil adsorbing device such as fiber glass
filters, a layer of sacrificed desiccant, or
special oil vapor adsorber (such as Vap-
Oil-Sorb, etc.).

Blow-down type intermittent wind tunnels
often have a complementary dryer installed
downstream of both compressors and after-
coolers. In this case, the situation is some-
what better because the water condensing in
the aftercoolers tends to collect the oil and
other impurities, Ferri and Bogdonoff (Ref.
33) estimate that in this case a layer of
fiber glass between settling tank and dryer
will sufficiently protect the latter.

Oil-less compressors with carbon piston
rings have been suggested in cases where the
oil separation is critical. This solution,
however, is very expensive indeed.

b. Dust from the Desiccant

Solid granular adsorbents continually pro-
duce fine dust, which must be kept out of the
tunnel circuit, Fiber glass filters are
currently used for this purpose.

Nearly all desiccants seem to produce
about the same amount of dust, but the
amount increases with the air velocity in
the dryer and with the number of strong
pressure fluctuations to which the dryer is
subjected (variable density wind tunnels).
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c. Marturing

This term is used to describe the fact
that the first eight to twelve drying cycles,
between successive reactivations, appear to
be better in performance than the subsequent
cycles. This was observed by Bateman (Ref.
26) for activated alumina. Hence, a dryer
should be judged by its constant matured
performance, which is less than its initial
performance.

II. HYGROMETRY

(a) Introduction

The many different devices used tomeas-
ure humidity fall into two classifications,
those measuring relative humidity and those
intended to measure absolute humidity. The
relative humidity is indicated as the per-
centage ratio of water vapor pressure (or
water vapor density) to the saturation value
for the actual air temperature. It is sig-
nificant in subsonic and transonic wind tunnels
where condensation can be avoided altogether
by the use of stagnation relative humidities
below a limit depending on the Mach number.

At higher Mach numbers, it is not always
practical to lower the relative humidity suf-
ficiently to prevent condensation (Ref. 14);
consequently, in supersonic wind tunnels the
absolute humidity, which controls the strength
of the condensation shock, is of chief interest,
It will be seen, in the subsequent analysis,
that few of the devices developed to date for
measuring relative humidities have sufficient
sensitivity to measure the small humidities
required in supersonic wind tunnels.

(b) Hygrometers Giving Relative
Humidity

The most widely used hygrometers of
this type are dry and wet bulb psychrometer
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(Assmann psychrometer); mechanical hy-
grometer (hair hygrometer, gold beater’'s
skin hygrometer); electrical conduction hy-
grometer (Gregory humidiometer); and the
porous diffusion hygrometer (TESA type).
It will be observed that they all give direct
readings, which do not involve complex op-
erations, a considerable practical advantage.

Each of these devices will now be con-
sidered and the possibility of its use in
supersonic wind tunnel humidity measure-
ment discussed,

(1) Dry and Wet Bulb Psychrometer

This instrument consists of two thermom-
eters, one of which has its bulb in contact
with a wet substance, Its principle of
operation can be approximately explained by
considering two effects; first, diffusion of
moisture from the wet bulb into the atmo-
sphere; and second, heating of the wet bulb
through convection.

The first of these effects is described
by the formula

Fw = B (CS-C)
(122)
where

Fw = the rate of evaporation of water,
in gm/sec

C = moisture concentration in the air
tested, gm H20/gm air

Cs = moisture concentrationcorrespond-
ing to saturation at the temperature
indicated by the wet bulb ther-
mometer, gm Hz0/gm air

B = constant of the apparatus,
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The heat transmission effects are de-
scribed approximately by the equation:

Q = S(Td'Tw)
(123)

Q being the heat flow towards the wet
bulb thermometer in cal/sec; and T4 and T,
the temperatures read respectively on the
dry and wet bulb thermometers.

Steady conditions imply that the heat of
evaporation is compensated by the heat flow,
so that the following equation can be written

Cs-C = (8/HB)(T4-T,)
(124)

H being the heat of evaporation for water.

The reading is not a direct function of
the relative humidity, but it does involve
saturation conditions (at wet bulb tempera-
ture), and this instrument is therefore clas-
sified with the relative humidity meters.

The limitations of this device for meas-
| uring small humidities can be deduced from
Eq. (124). As the value of the humidity
becomes small, it is obtained as the differ-
ence of two quantities of much larger mag-
nitude, Cg and (8/HB)(Ty - Ty), bothof which
depend on the measured temperatures, Only
extremely accurate measurement of tem-
peratures can make this device useful for
supersonic wind tunnel work. No attempts
have been made in this direction, to our
knowledge.

(2) Mechanical Hygrometers

Hair hygrometers or hygrometers using
other organic elements have been used in
meteorology. It seems probable, however,
that their undesirable characteristics such
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as hysteresis, time lag, and change of cali-
bration with time prevent their being of
much use in the measurement of small hu-
midities.

(3) Electrical Conduction
Hygrometers

The conductivity of superficial layers of
some substances (lithium chloride, for in-
stance) has been found to be variable with
the relative humidity. The lowest reading
obtainable with most instruments of this
type is of the order of 30 percent relative
humidity. A new electrolytic hygrometer
reported by Gregory and Rourke (Ref. 34),
however, is said to measure humidities of
less than 1 percent.

(4) Porous Diffusion Hygrometer

The apparatus consists of a vessel con-
taining water and covered with a porous
plug. If the atmospheric humidity is smaller
than the saturation humidity of the water in
the vessel, a pressure difference is observed
between the vessel and the atmosphere (see
Fig. III-1). As in the case of the dry and
wet bulb psychrometer, the vapor pressure
is given as the difference of two large
numbers, for small values of the humidity.
Therefore, sufficient accuracy for supersonic
wind tunnel use cannot be expected with this
type of instrument unless the temperature
and pressure measurements are made with
extreme precision,

(5) Compressors

Most of the hygrometers described thus
far were shown to be unsuitable for measur-
ing low humidities. It has been suggested
to use them in conjunction with a compressor
which would raise the relative humidity at
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a constant (low) absolute humidity. The
problem of building a leakproof compressor
which does not contaminate the air with oil
vapor does not seem to have receiveda solu-
tion so far, but this seems to be an interest-
ing field for research,

(c) Absolute Humidity Measurement

The three most widely used methods for
determining absolute humidity directly are
dewpoint meters, gravimetric (or gas an-
alysis) methods, and the sulphuric acid
hygrometer,

(1) Dewpoint Meters

These devices can be divided into two
classes according to whether a cooled sur-
face is used, or the whole sample of air is
cooled. Most wind tunnel hygrometers are
of the first type. The principle on which
they are based is extremely simple. The
idea is to cool a small metallic surface to
a temperature below the dewpoint (or frost-
point) of the moist air being sampled, and
then to let the temperature rise slowly
through heat losses while watching for the
disappearance of the dew or frost layer on
the surface. The temperature at which this
occurs is then read.

Some details of a typical dewpoint meter
are shown in Fig. 1II-2, The dew or frost
deposit is produced on a metal thimble which
is cooled either by liquid air or expanding
carbon dioxide. The observation chamber,
in which tunnel air is made to circulate,
is fitted with a glass window, and a magnifier
is often used. The temperature of the thimble
is measured electrically either by a platinum
resistance element or a thermocouple.

The ingenious method of illuminating the
observation chamber shown in Fig, 1II-2 was
reported by Brewer, Cwilong, and Dobson
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in Ref. 35. It consists of a transpex ellipse
at one focus of which is placed an illuminat-
ing lamp. The other focus is situated in the
air chamber; the light concentrated there
illuminates the thimble.

The.dewpoint meter can be converted into
an automatic, continuous reading or record-
ing instrument by the use of a photoelectric
cell to pick up the light scattered by a dew
or frost deposit and to act on a temperature
controlling device, so as to follow the dew-
point. With this arrangement the thimble, is
usually cooled continuously, and its tempera-
ture controlled by an electric resistance or
induction heater which is regulated by the
amplified photoelectric cell signal,

An instrument of this type described in
Ref. 36 measures frostpoints as low as
-85°C. The response times at these low
frostpoints are about 10 to 20 seconds. This
particular instrument uses two photo cells,
one to pick up the decrease in specular
reflection as frost forms and the other to
pick up the increase in scattered light due
to frost. (Humidities as low as to correspond
to frostpoints of -80 C are generally not
required in supersonic wind tunnels, even
if operating at low pressures.)

Certain effects, which are avoided in the
automatic instruments just mentioned, cause
inaccuracies or tend to make measurements
difficult with the manually operated dewpoint
meter, First of all, it can be very difficult
to decide whether the deposit observed is
dew or frost. This is an important point,
because the ratio of vapor pressure over ice
to the vapor pressure over water decreases
from unity, at 0 C, to about 50 percent at
-70°C. It is accordingly seen that this
uncertainty regarding the deposit state can
cause considerable inaccuracies in the hu-
midity measurement.
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Dew and frost deposits are easily dis-
tinguishable in the higher temperature range,
from 0° down to about -30°C. In this range,
the ice forms in large white crystals, while
dew appears as small droplets, uniformly
covering the surface. Around -30°C to
—40°C, however, frost deposits in the form
of microcrystals, which look very much like
the corresponding dew deposit of very fine
droplets.

The nature of the surface on which the
deposit is to form plays a fundamental role
in determining its state. Ithas beenobserved
that dew can appear at temperatures as low
as -40°C or in some instances, at -100°C
on exceedingly clean, polished metal sur-
faces. On the other hand, ice can be formed
at temperatures well above -40°C if the sur-
face is not very clean,

A second difficulty lies in the fact that,
in the case of a frost deposit, the condensa-
tion on the surface does not start when the
temperature is lowered to the frostpoint
(which is higher than the dewpoint, because
of the lower vapor pressure on ice), In fact,
the deposit appears only when the tempera-
ture is lowered nearly to the dewpoint. This
is a consequence of the Oswald rule alluded
to in the section dealing with condensation
shocks, and according to which initial con-
densation always occurs in the form of su-
percooled liquid. A good indication of the
frostpoint, therefore, can be gained only if
the temperature for which the deposit neither
grows nor evaporates is found.

The above-mentioned difficulties are not
encountered in the case of the automatic
frostpoint instruments, since these maintain
a constant thickness frost deposit (Ref. 37).
Any dew that may be formed initially must
change to frost after a certain length of time,
because the supercooled liquid is unstable,
The main limitation to the sensitivity of the
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automatic instruments is the fact that, below
about -85°C the frost becomes an invisible,
glassy film,

(2) Gravimetric Method

This method consists in weighing the
moisture trapped in an absorbent or adsor-
bent of humidity contained ina vessel through
which a known amount of the air to be tested
has been passed. P, 0, on pumice stone of
CaC0; can be used as absorbent, and placed
in a U-shaped tube. The tube must be fitted
at both ends with glass wool to trap any
solid matter, otherwise the weighing would
not accurately represent the amount of mois-
ture deposited in the tube. A flowme.er and
a sensitive analytic balance must be used.

This measurement of air humidities has
a great drawback: each operation is long
and requires skill. The result will always
yield the mean humidity over a long period.
The use of this method inwind tunnels seems,
therefore, to be very limited.

(3) Sulphuric Acid Hygrometer

This very interesting continuous reading
hygrometer has been developed by Heyser,
from an idea of Ackermann, of the Danzig
Polytechnicum. It operates on a principle
which is somewhat analogous to that of the
dry and wet bulb psychrometer. An equilib-
rium is established between the heat liberated
by the absorption of moisture by H,S0, and
the heat carried away by convection. The
equilibrium temperature difference is read
as in the case of the dry and wet bulb psy-
chrometer,

Fig. 1lI-3 gives a schematic view of the
apparatus. The pressure and the temperature
of the air to be analyzed are measured by
a manometer, B, and a thermometer, C, The
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airflow is controlled by a valve, A, the flow
being adjusted to a standard value for which
the instrument was calibrated. A venturi,
D, coupled to a differential manometer, E,
indicates the flow velocity.

The air is led into the vertical tube, F,
which is coaxial with an inner tube, G.
Sulphuric acid flows from the reservoir, H,
through tube G. The H,50, flow, controlled
by a valve, I, must be equal to the calibra
tion value, It is measured by counting the
drops falling into the lower reservoir, J.

At the lower part of tube, G, the acid
leaks to a central glass tube, K, on which it
forms a film, the uniformity of which is
controlled by a glass ring, L.. A bypass, 0,
fitted with a P, 05 dryer, is used to equalize
pressures in the reservoirs, J and H, sothat
the acid flow can be kept constant.

Humid air and the acid are brought into
contact at the lower end of the central tube,
K, where the absorption takes place, This
being a most exothermic reaction, a local
heating is produced. As the acid flows from
the glass ring downward along the tube, its
temperature rises continuously. The tem-
perature near the lower end of the tube is
measured by the thermocouple, M, and com-
pared with the temperature of the acid before
absorption of water, measured by thermo-
couple, N,

It will be seen, from the theoretical der-
ivation below, that the indications of this
meter are remarkably independent of most
parameters difficult to measure, such as
air and acid flows, air pressure and tem-
perature,

It canbe shown, by considering the thermal
equilibrium involving the heating by absorp-
tion of the sulphuric acid and its cooling by
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|=]=]=ampy

the airflow, that the temperature difference
indicated by the thermocouples will be

AT = [(H + Hg)/cp] (Pr/Sch)(Nuy/Nu)

[]_ e-(KNu/c“F*u] .

(125)
where

He = heat of condensation of water
at room temperature, incal/gm

Higi® heat of absorption of water by
H,S0,, in cal/gm

g = air specific heat at constant
pressure, in cal/gm

L2 Prandtl number

Sch =  Schmidt number

K » thermal conduction coefficient
for air, in cal/sec, cm and °C

Nu, Nuy * Nusselt numbers for thermal
conduction and diffusion

ot mass flow of acid in gm/sec

O specific heat of acid in cal/gm.

In the case considered, Nu is proportional
to (Pr)* , so that

(Nu/Nug) = (Pr/Schy*= 116 .
We thus have:

I~e

[ -(KNu/c*F*N]h.

AT = 1.25 [(He + Ha)/cp)
(126)

The various constructional parameters
will now be chosen so as to make the expo-
nential appearing in Eq. (126) small com-
pared with unity, so that the temperature
difference measured will be nearly independ-
ent of the flows of air and acid.
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According to tests by Heyser, one can
assume

Nu = .08(Re)® [ ¢ Ad; - o})]

(127)
where
d, = diameter of internal tube
d, = diameter of external tube
Re = (V/v )(di - d?)/d, provided,
5000 < Re < 30,000.
The hygrometers manufactured at the

French armament aeroballistics research
center at Vernon, according to this principle,
have the following dimensions:

d, = 0.5 mm.
dz ‘= 9 mm.
1 s 20mm.
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The air velocity in the tube is about
7 m/sec, and the acid flow is 1.85 gm/hr,

This is seen to correspond to a Nusselt
number of about 15, so that the neglected
exponential is of the order of 0.055.

The hygrometer can be calibrated by
means of a hygrostat. The Vernon hygrostat
uses a mixture of known quantities of air
of constant humidities. A part of the mixture
is completely dried by flowing through sul-
phuric acid, the other being saturated at a
given temperature because it went through
water kept at constant temperature. The
proportions of the mixture are measured by
flowmeters.

We believe this hygrometer to be very
well-suited to wind tunnel humidity control,
because of its reliability and the simplicity
with which it can be made to record the
tunnel humidity continuously. It is inexpen-
sive to build and the calibration does not
seem to present special difficulties.
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APPENDIX
Derivation of Eq. (9) of Section I, Assuming Steady Flow Conditions

The complete shock equations with heat addition are
Pi Vin * P;Ven  (Continuity)
P, an +p = szzzn + P, (Momentum)
V|? & Va'
[(T/()’-I]](p,/P,) +(VE/2)+Q = [m r-n] (P2/P,) + (VZ,72) (Energy)
Introducing the velocity of sound ./¥ p/p and the normal Mach number M,
Mn = Vn/J/7P/p

we can write the normal momentum equation as follows, after dividing both members by
Py Vin = Py Vap ¢

Vin + (177) (Vin /M) = Vap + (177) (Van/MZ,)
or

! X L '
inl+ g )+ v+ 70

(A)
The energy relation can be transformed, in analog fashion, into the following:
| | 2 | | 2
_— + = V +Q=(_.—-+_)Van-
({7—|)an 2) % (r-nmz, °
(B)

The stagnation texperature can be introduced by recalling that

i | 2
T & s N
o ((r-nMF 2) '
but,

Vin = V, sinC
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so that Eq. (B) can be written

il o N S S
| + (O/cpTO)(W_nM'z +* }‘)((y_l)Mlzn * é’) (sinC) =

2 2 e ' S N 5):
(Ven/Vin) ((r-l)MSn " 7)/((7-0% 1 E)

(B
Elimination of the normal velocity ratio V,, /Vin between Egs. (A) and (B') yields

=
. hy + P
+(Q/¢cpTo Y-V 2) (y-IMZ, 2‘) (sin C)

| | |
S — —_——+
(r-IMZ, 2 . (M, z

|+ ‘)2 s
| +
(+5g)  (+ng)

= (M) /$(Mzp)-

The function

2

e - (” ) /gt Jf)

being introduced. This function decreases from infinity to a minimum of 2(r* - 1)/r*=0.98
when M increases from 0 to 1 (subsonic conditions), and increases then to 2 when M is greater
than unity (supersonic conditions).

It is thus seen that there is, for each value of M,, a definite upper limit Qmqx for the
heat added, given by:

| Ji | i . =2 = 2_ £
I+ (Qmux’CpTo) (m + 2) (m + '5‘) (sinC) ¢(M,n)/[2(7 Ny ]

This leads, after some simple algebraic manipulations, to the tormula
Qmax /(cp To) = (1- M) (sin C)z/[Z('rz-n(,'é + _l_) ]:

(7-1)M2

(M2 sin?C-12/[ 27+ 1) (Z5L M + 1M (sinC)’]
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which is easily seen to be equivalent to Egq. (6) of Section I (where the index 1 has been
replaced by c).

It is also seen that the maximum heat addition leads to sonic final conditions (Mzn = 1).

The pressure and velocity deviations through the shock are easily derived, in the case
of maximal heat addition, from Eq. (A):

|
Vip (Il # ——=) =V +1)/7
in 7M|2n 2n(Y+1)

or
(Van=Vin)/Vin = (7 +1)" (1= Miy) 7 Mt
which is clearly equivalent to Eq. (8) of Section I.

The relative pressure disturbance results from the normal momentum equation and
the continuity relation

P2~ Py = P Vin=PaVin = P Vin(Vin=Vzn) = Py (A7 P)Vin(Vin = Van)
or

(pz"pl)/pl = men{\ﬁn_Vzn)/Vm "

This formula is equivalent to Eq. (7), Section I, taking into account Eq. (8).

We are now especially interested in conditions near a point P where the condensation
shock touches a characteristic of the unperturbed flow. This means that M,, will be close
to unity in the neighborhood of P, From the preceding calculations it is seen that the dis-
turbances are not infinite nor even maximum at P, They are, on the contrary, zero.

But a maximum will occur in this neighborhood, for Egs. (7) and (8) hold wherever
dQ > Qmax and show that the deviations then increase with M,y -1, while for dQ < Qmgx the

general equations apply, and show a decrease for increasing M,,-1. The maximum dis-
turbance will accordingly be found at points where Qmax = dQ.

dQ being small, M, is still close to unity at such points, and Eq. (6) can be approxi-
mated by:

Qmax/cp T = 2(Msin €= /[y + 1) (25 M2 + 1))
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from which we get, for Qmax = dQ:

M,sinC-1 = %Y+ 1)(7—5'— Mm%+ N(dQ/cpTy)/2 -
Eq. (8) gives for small values of M, sin C-1:

dVn /(Ve sinC) = =2(7+1)" (M, sin C~1)

Ve B ME +dase, T,

which is equivalent to Eq. (9); when recalling that Mg' = sin C,
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Fig. I-1. Supercooling as a function of stagnation relative humidity (Eber and Gruenewald,
unpublished data-Peenemunde 40 x 40 cm tunnel, nozzle for M = 1.86).
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Fig. 1-4. Shock configurations.
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Curve Inlet Humidity Contact Time Layer Depth
I 5.95 10, .25 sec. 63.5 cm,
I Toa 3 1. 25 gec. 63.5 cm.
11 £8  1” 1. 25 sec. 63.5 cm.
v 5.4 w* 1. 20 sec. 30.5 cm.
Vv Wy 0.40 sec. 30.5 cm.
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Fig. 1I-10. Typical performance curves for activated alumina
2-4 grade (from Ref. 26).

Curve Inlet Humidity Contact Time Layer Depth
I 6.3 107 2.50 sec. 63.5 cm.
I 7.3 = 1.25 sec. 63.5 cm,
11 8.9 107 1.25 sec. 63.5 cm.
v 10. 107 0.42 sec, 63.5 cm.
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et Aerodynamiques, Vernon, France).
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