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Fig. 4 Comparison of heat-transfer data for various
vertical wedge angles.

mixture of silicone oil and lampblack distributed over the
model surface in a random dot pattern.

Oil-flow patterns on the vertical wedge surface are shown
in Fig. 2 for /3 angles of 5° and 10°. In both symmetrical
and asymmetrical cases, the flow can be divided into similar
regions. *S-shaped lines (area 1) indicate a vortex near the
corner (see Ref. 4 for a more detailed discussion of this vor-
tex). A featherlike pattern (area 3) is separated from the
s-shaped pattern by a thin oil accumulation line (area 2).
Outside of the feather pattern a region of strong crossflow
terminates in a heavy oil accumulation line (area 4), and
beyond this the flow gradually approaches two-dimensional,
undisturbed wedge flow. Near the top of the wedge the
flow is not two-dimensional due to the projection of the
wedge into the tunnel-wall boundary layer. One significant
difference in the symmetrical and asymmetrical oil-flow
pattern occurs in the region between area 1 and the corner
juncture. For the ft = 10° case, the flow appears to be
approximately radial from the tip of the model; for the ft =
5° case, the flow is turned toward the corner juncture. A
possible explanation for this effect is that the vortex on the
horizontal wedge moves toward the corner as ft decreases.

Isoheating lines obtained from sequential photographs of
the melting point boundary are shown in Fig. 3 for the ft =
10° corner. Data are presented as ratios of local to maxi-
mum heating measured on the vertical surface. The previ-
ously discussed flowfield regions from Fig. 2 are also shown.
From a comparison of Figs. 2 and 3 it is apparent that the
maximum heating is associated with the vortex in the near
corner region.

A summary of the heating data for the three corner con-
figurations is presented in Fig. 4 as the ratio of experimental
to theoretical heat-transfer coefficients. Theoretical values
were calculated for a given ft from local similarity laminar
boundary-layer theory, including the effects of boundary-
layer self-induced pressures.6-7 The nearly conical nature of
the flow is evident from the correlation of data at different
x locations when plotted in z/x coordinates. Oil-flow results
show the flow to be nonconical for x/L less than about 0.35.

Peak heating near the corner (relative to undisturbed heat-
ing on the vertical wedge) is higher at ft = 5° than at ft = 10°
due to the strong influence of the horizontal wedge on the
5° vertical wedge flow. At ft = 0°, however, the peak heat-
ing level decreases to approximately 10 times local flat-plate
heating. Evidently, the vortex system which influences
peak heating is weaker at ft = 0° than at ft = 5°. It is
possible that the internal structure of the flow field changes
between the ft = 5° and ft = 0° cases, however, this seems
unlikely since the general shape of the heat-transfer distribu-
tion remains the same. A second lower peak in heating
corresponds closely to the center of the feather pattern (area

3), and has been related to the presence of an internal shock
in the flowfield.4 Finally, heating rates approach the un-
disturbed two-dimensional wedge value outside the region
where the outer oil accumulation line (area 4) occurs.

In general, the results of this investigation have shown
that the surface flowfield and heating in asymmetrical
corners are similar to that observed in symmetrical corners.4
One exception, however, is the higher heating measured on
the vertical wedge due to the asymmetry of the vortex system
of the corner.
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A Correlation of the Minimum Thermal
Resistance at Soldered Joints

M. MICHAEL YOVANOVICH*
University of Waterloo, Waterloo, Ontario, Canada

IN an earlier Note1 this author reported that thermal re-
sistances for soldered joints ranged from 0.025°C-cm2/w

for the best joint (brass/brass) to 0.14°C-cm2/w for a badly
soldered joint. These values considerably exceed the theo-
retical value of 0.00246° C-cm2/w calculated for an average
solder thickness of 15 p. All the tests were performed with
identical surfaces. Correlation of all of these data is very
difficult because of the many parameters, both geometric and
physical, that play a part in the resistance. This Note re-
ports the results of a preliminary analysis and further experi-
mental work done to obtain a correlation.

Thermal Analysis
It is assumed that the best soldered joints can be modeled

as shown in Fig. 1. The solder (&2) of average thickness e
separates two solids (fci,fc3) and is assumed to be homogeneous,
devoid of gas cavities and scale. There is metal-to-metal
contact between the solder and the solids at every point of the
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two interfaces il and i2. The surfaces of two solids are
nominally flat but rough and the thickness of the solder is
much larger than the surface roughness.

The temperature fields far from the interfaces are uni-
directional, parallel to the planes of the interfaces. In the
vicinities of the interfaces and within the solder the tempera-
ture field is no longer unidirectional because of the waviness
of the interfaces and the discontinuity of the thermal con-
ductivity across the interfaces. The net result of this non-
uniformity of temperature field is a measurable temperature
drop ATy at the joint. The thermal resistance at the joint
is defined as R3 = ATj/(Q/A) and can be written as R3 = Rn
+ Ri2 where Rn and R& are the interface resistances.

The thermal resistance at interface il is Rn = $n/kn,
where kti = 2kjcz/(ki + &2). The parameter \f/n, based upon
current thermal constriction theory,2"4 has the dimension
cm and consists of a dimensi9nless geometric parameter and
some characteristic dimension of the interface such as the
surface roughness and the number of elemental heat flow
channels available for heat conduction across the interface.
The parameter \j/ is assumed to be independent of thermal
properties of the joint as well as the local heat flux. It will
depend upon the surface roughness. The thermal resistance
at the other interface can similarly be written as Rn =
tit/kit where ki2 = 2&2&3/(&2 + k$).

The total or joint resistance being the sum of the two inter-
face resistances can be written as R3 = \f/n/kn + fa/kit.
For identical surface conditions \f/n = ^2 and so the joint
resistance reduces to Rj = ifrt/Kj where Kj = 2/(l/ki +
2/fe + l/kz). Here K, is the effective thermal conductivity
of a soldered joint consisting of three different materials hav-
ing thermal conductivities fe, k2 and &3, respectively.

Experimental Verification of the Theory

A series of tests was performed to verify the results of the
thermal analysis. These tests consisted of temperature
measurements in brass (ki = 1.11 w/cm-°C) and stainless
steel (&3 = 0.162 w/cm-°C) soldered with pure tin (&2 =
0.64 w/cm-°C). The procedure followed is fully described in
Ref. 1.

The first tests using brass/brass joints (K = 0.405 w/cm-
°C) yielded a minimum resistance of 0.0245° C-cm2/w.
The brass/stainless steel joints (K = 0.1.98 w/cm-°C)
yielded a minimum resistance of 0.052°C-cm2/w and the
stainless/stainless steel joints (K = 0.131 w/cm-°C) yielded
a minimum resistance of 0.0805°C-cm2/w.

From these series of tests the parameter \f/i = [A TV
(Q/A) }Kj is calculated to have the values 0.0099, 0.0103, and
0.0109 for the three types of joints investigated. These
values of \f/i represent the average for ten sets of measurements
obtained for each of the brass/brass, brass/stainless, and
stainless/stainless joints. There was no observable variation
of joint resistance with contact pressure.

Conclusions

The excellent agreement between the values of \l/i obtained
for the three types of soldered joints is a verification of the
validity of the assumptions used. In these experiments the
thermal conductivities differed by a factor of seven while the
values of the effective thermal conductivity of the joints
differed by a factor of three. One can conclude that the

thermal resistance of a soldered joint can be correlated by
means of the parameter \J/i provided that the solder is homo-
geneous devoid of cavities and scale, and that \l/i = 0.010
when the surface roughness is about 0.3 p.
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Incipient Cross-Stream Liquid Jet
Atomization at High Altitude

and Velocity

PAUL B. GOODERUM* AND DENNIS M. BusHNELLf
NASA Langley Research Center, Hampton, Va.

Nomenclature
D0 = orifice diameter
Kn = Knudsen number, M(yir/2)1/z/Re
M = Mach number, (Vg2 + Fz

2)1/2/a
Re = Reynolds number, P(Vg* + Fz2)1/2jD0/M
Vg = gas velocity
Vi = liquid velocity at the orifice
We = Weber number, P(Vg* + Vi*)D0/2<r
/* = coefficient of viscosity
p = density, gas stream
<r = surface tension, liquid

AFLIGHT research project has been conducted to measure
the effects of a liquid spray on the electron and ion con-

centrations in the flow field over the antenna of a reentering
vehicle.1 In the analysis of these results it is of fundamental
importance to know whether or not the liquid jets were broken
up into the required spray.2 Secondly, if breakup did occur,
subsequent analyses of the flight data require knowledge of
which of the basic breakup mechanisms (aerodynamic, vapor
pressure, or capillary instability) was the dominant cause.
The present investigation originated because of this need to
define the boundaries of aerodynamic breakup.

An unbroken liquid stream exiting an orifice into a gaseous
cross flow will be atomized if the cross-flow dynamic pressure
is greater than a certain critical value3'4 (assuming that the
ambient pressure is such that vapor pressure or "flashing"
breakup effects can be ignored). At dynamic pressures be-
low this critical value, capillary instabilities5 cause the jet to
separate into drops which are then swept downstream with
no further shatter. For purely aerodynamic breakup, there
is ample theoretical and experimental evidence, mostly for
drops, to indicate that the Weber number, which is the ratio
of the dynamic pressure of the gas to the surface tension of the
liquid, is useful as a correlating parameter.6 However, before
applying the available critical Weber number information to
high altitude flight conditions, it is necessary to assess the
applicability of data obtained at low speed, low Knudsen
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