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Frozen Storage of Skin, Parathyroid Gland, and Intestine

Techniques developed in this laboratory for storage of
animal skin have been extended to a human skin bank.3

Thin grafts of skin were treated with 10% glycerol, frozen at
l-10°C/min, stored in liquid nitrogen at — 196°C for up to 19
months, and thawed rapidly for use by immersion in warm
saline solution at 25-100°C/min. These grafts provided
temporary lifesaving coverage for patients with extensive burn
wounds before being rejected immunologically.

The same techniques have been extended successfully to
the storage of canine parathyroid glands, tiny glands that
control calcium metabolism. These frozen preserved glands
can sustain the life of the animal.

Short segments of canine intestine treated in the same
fashion have survived freezing in liquid nitrogen for as long
as five weeks. The intestinal segments were distended to the
shape of a thin walled hollow cylinder. Warm saline solution
was introduced on both sides of the intestinal wall for rapid
thawing by conduction. The segments required one to two
weeks of cellular recovery from freezing injury to resume
normal function which included muscular action, secretion of
mucus, and absorption of glucose. This success indicated
that the several cell types of a single organ would survive a
common cryoprotective treatment.4 Determination of opti-
mal concentrations of cryoprotective agents and satisfactory
control of organ edema are problems still to be solved.

Frozen Storage of Solid Organs

Special problems exist in the frozen storage of large solid
organs such as kidney, heart, and liver.5 Heat exchange in
the living animal is rapid because of the intimate contact of
the circulatory system with all of the cells. Internal tem-
perature gradients are small. In contrast, large thermal
gradients develop during heat exchanges in frozen solid
organs. These resemble blocks of frozen salt solutions in
their thermal properties of low-heat conductivity, high-heat
capacity, and large heat of fusion. The low ratio of surface
area to volume for solid organs severely limits heat exchange
with the surroundings (see Table 2). Satisfactory rates of
thaw cannot be achieved by immersion in warm liquids.
Perfusion of the blood vessels with gases is a potential means
of internal heating, limited by the low rate of heat transfer
from the gas to the organ.

Electrical Thawing

Electrical heating, by generating heat within the substance
of solid organs, can overcome the problem of poor thermal
conductivity. Uniform heating is dependent on the distribu-
tion of the electrical field and the local electrical resistance of
the tissue. The electrical properties of tissues are similar to
those of dilute aqueous salt solutions. The electrical conduc-
tivity is a function of temperature over a wide range of fre-
quencies. There is a rapid rise in conductivity increasing
with rising temperature when tissue passes from the frozen
to the thawed state. Recently, canine kidneys were thawed
at 50-100°C/min using a microwave oven operating at 2450
MHz.6 Although a satisfactory over-all thawing rate of
60-100°C/min was attained, none of the eight kidneys sur-
vived after reimplantation. On closer inspection it was
obvious that heating was far from uniform. Certain areas of
some kidneys overheated, even to the point of burning, while
adjacent areas remained cold or frozen.

That microwave thawing is not inherently toxic to cells was
established by a comparison of frozen skin grafts thawed by
microwave and by thermal conduction techniques. Skin
grafts survived after microwave thawing although there was
some damage associated with focal overheating.

This phenomenon of uneven thawing during electrical thaw-
ing, named thermal runaway, was investigated using a two-
dimensional mathematical model and a digital computer.7
Isotherms were calculated over the period of time required for

thawing of the model. The experimentally observed increase
in electrical conductivity with increasing temperature was in-
cluded in the equation of the model. The analysis verified
the nonuniform characteristics of the thaw with some areas
remaining frozen while others overheated. Important vari-
ables were the temperature at the beginning of the electrical
thaw, the temperature at the boundary of the organ, and the
strength of the applied electrical field during the thaw. Ex-
periments performed using electrical conduction thawing at
low frequency verified the conclusions of the mathematical
model study.8

Conclusions

The need for a human organ bank for transplantation is
great. The extrapolation of techniques proven successful in
the frozen storage of cells has proved extraordinarily difficult
for large solid organs. The constraints imposed by the prop-
erties of biological tissue render the control of heat exchange
very difficult. It is hoped that proper application of engi-
neering principles within these specific limitations of biological
tissues will permit satisfactory rates of heat exchange. Fur-
ther refinement of cryoprotective perfusion techniques are
needed. Better methods of suppressing edema are urgently
needed. The fact that certain organs have survived freezing
makes the creation of a frozen organ bank for transplantation
a likely event.
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n = parameter in turbulent velocity profile
r = coordinate parallel to the wall
TQ = virtual origin location
ReD = jet nozzle Reynolds number, UoD/v
UQ = original jet nozzle velocity
V = velocity in the r direction
z = coordinate perpendicular to the wall
21/2 •;* =* jet width where V = |FTO in the outer layer
zn/-D = dimensionless vertical distance between wall and nozzle
5 = inner boundary layer thickness
£0 = (z — d)/b and z/8, respectively
v = kinematic viscosity

Introduction

AS opposed to free jets, where the momentum is conserved
-£*- and where simple rules concerning maximum velocity
decay have been established,1 wall jets are strongly influenced
by wall friction. A wall jet is obtained when, for example, a
jet of air strikes a surface at the right angle and then spreads
out as shown in Fig. 1. Because of the effects of friction at
the walls, the maximum velocity decay for wall jets may be
expected to be faster than in the corresponding free jet cases.
For turbulent wall jets, there is at present still no entirely
satisfactory analytical solution to the problem at hand.
Therefore, integral methods will be tried below.

Maximum Velocity Decay, Turbulent Jets

The present analysis concerns itself with the region III of
Fig. 1, where the flow reached already a modicum of similarity
and where the effects of the pressure gradients are negligible.
The velocities in question are low enough so that flow is in-
compressible.

The approach used by Abramovich2 for various calculations
involving two-dimensional wall jets may be generalized to get
a relation involving the region of flow where the momentum
is conserved, in analogy to the free jetflow. Starting with
the control volume ABCD (Fig. 1), the momentum balance
for the steady state, after differentiation with respect to r, re-
sults in the relation

1TJT- I rVdzAdrJo
— C1
drJs rV*dz = 0 (D

where, for a two-dimensional wall jet, i = 0, and for a radial
wall jet, i =1. Now, letting the velocity of the inner layer
be represented by V '•-'" Vm6lln, 0 < 6 < 1, and the velocity of
the outer layer by V '= 7«(1 - S3^)2, 0 < £ < 1, with tile
dimensionless parameters, r = r/D, F = V/Uo, 6 = z/d,, | =

f o r 8

Fig. 1 Geometry of a wall jet: region I, freejet: region II,
t^ & developing wall jet: region III, developed wall jet.

Fig. 2 Variation of half-velocity spread of a radial wall
jet with distance from origin.

(z — d)/b, d = d/D and 6r1
Jo

6/D, and using also the result,

= 0,31 567«2

one obtains
[n/(n + l)]Vm(d/dr)(drVm) 0

Since the relations b = C(r - r0)^ and d = Kb(0 < K < 1)
with C and K being constants, are suggested from experi-
mental observation,2 this equation, after differentiation and
simplification, yields

(sri+ "•")£-« (2)

Letting

[Kn/(n + 1) + 0.3166]/[^n/(n + 1) + 0.6312]
this equation integrates into '

so that, for TQ <c r, and (i + /3)y = a, the result is
(3)

(4)

Comparison with Experimental Results

For two-dimensional wall jets, the experimental results de-
scribed by Abramovich,2 who also used n = 7, suggest ft = 1
and K = 0.1, whereas from Schwarz and Cosart's data3 one
finds explicitly n = 14, while K = 0.1 can be deduced. This
gives in Eq. (4) a = 0.560, as compared to a. = 0.555 found
in Ref. (3) experimentally. When K -* 0 (free two-dimen-
sional jet), 7 = a and a = ^, as may also be expected from
dimensional considerations.1

For a radial wall jet (i = 1) shown in Fig. 1, formed by let-
ting a free jet of air at ambient temperature impinge against
a smooth flat plate from various vertical distance, zn/D, the
authors found4 for developed turbulent jets K = -J, 7.5 <
n < 14, and /3 = 0.95 (Fig. 2). The range of values of n
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Fig. 3 Maximum velocity decay of a radial wall jet.
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Fig. 4 Experimental velocity profile of a radial wall jet.
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Fig. 5 Determination of n; VRB/UQ variation with r/zn.

found corresponded to n = 7.5 for the jet nozzle Reynolds
number (which is related to Vm) ReD = 2.5 X 104, and n =
14 for R€D = 105, taken 2 in. and 3.5 in. from the center of
symmetry, respectively.

The experiments were carried out with the nozzles (Fig. 1)
having D = f, J, and f in., respectively. Among the instru-
ments used were a -^ in. diam total pressure probe and a -j1 -̂
in.-diam static pressure probe of conventional design, which
could be positioned within 0.01 in., and a micromanometer
accurate within 0.001 in.

These experiments give a in Eq. (4) ranging from 1.11 to
1.12, which compares well with the experimental results in
Fig. 3, where a = 1.12. These values of a and ft also com-
pare well with those obtained experimentally by Bakke,5 who
formed a radial wall jet differently, by means of an annular
orifice formed between a long flanged tube and a smooth flat
plate (a = 1.12, ft = 0.94). Both experimental values of ft
were found indirectly, through the half-velocity spread
parameter Zi/2, which for similar flow must be proportional to
b.

For a free radial jet, again equivalent to K -*• 0, Vm ->•
VRB, and 7 —»• -g-, it may be deduced from conservation of mass
that a = 1, which also makes ft = 1.

The velocity profiles used here are also experimentally veri-
fied (Fig. 4). The inner profile is similar to the corresponding
turbulent velocity profile on the flat plate, only with a steeper
slope with n > 7. The velocity profile in the outer layer has
been found useful by Abramovich2 and seems to fit the present
data well. By plotting data for the inner layer on log-log
paper, the, values of n could be ascertained and a = I is ob-
tained from plotting VRB against r/zn (Fig. 5).

The absence of shear stress at y = 5 in Eq. (1) is in agree-
ment with PrandtFs hypotheses where the turbulent shearing
stress is proportional to the derivative of velocity with respect
to the coordinate normal to the flow direction,1 dF/dz.
Newer measurements3 indicate that this is not quite so with
the wall jets, but apparently this omission was not the over-
riding factor in the present case.

This discussion shows that the parameters a, ft, K, and n
in a wall jet are intimately interrelated. Knowing some
three of these parameters allows to calculate the remaining
one with a good degree of accuracy when integral methods are
used, provided velocity profiles chosen correspond reasonably
well to reality.

In general, the deviation of a from unity is the measure of
wall friction: a increases slowly with n, which, in turn, is a

function of the ReD.1 The authors also observed experi-
mentally that substitution of a rough plate for a smooth one
had a similar effect on a, as did steam heading of the plate,
causing a slight increase of a. A comparison of turbulent
wall jet flow with the turbulent flow over a flat plate shows
that the velocity profile may be approximated by 61/n, only n
increases for wall jets faster with R€D.

Maximum Velocity Decay, Laminar Jets

It is interesting to realize that the methods discussed in this
Note can also be applied to laminar wall jets, where Eq. (1)
holds exactly. Using now for the inner layer the relation V
— 2Vm(B — ^02), and leaving the expression for the velocity
distribution in the outer layer unchanged,

7 = (2K/3 + 0.3156)7(2^/3 + 0.6312)

is obtained.
Since the problem of the laminar wall jets has been fully

solved by Glauert,6 we can get from his solution K = 1/2.2,
which makes 7 = 0.663. This, for the radial wall jet (ft =
1.25), leads to a = 1.49, very close to the corresponding
Glauert's result, as is also a = 0.497, for the plane laminar
wall jet, where ft = 0.75.

Because Glauert's solution appears not in the explicit form,
it is of some comfort to know that integral expressions are
available which closely approximate the essential features of
the exact solution.
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