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(13)

In these equations, Dr denotes the hydraulic diameter at the
entrance to the water channel, /' is the equivalent of y in that
it is the ratio of the velocity component (in the direction of the
main flow) of the mass of water being added or subtracted to
the velocity of the main flow. The term C is a function of the
change in the channel width in the flow direction and is
defined as

(14)

Equation (5) is the hydraulic equivalent of Eqs. (1) and (3),
and a comparison of Eq. (5) with either Eq. (1) or (3) shows
that the one-to-one correspondence between the A and B
terms as demonstrated in Ref. 9 is now modified by the water
friction through terms a/ and a4. A comparison of the
remaining terms in Eq. (5) with those in Eqs. (1) and (3) shows
that the combined effect of friction, internal drag, and
changes in the gas composition, temperature, and mass flow
rate can be simulated by a change in the water flow rate.

Equation (6) is the hydraulic equivalent of Eqs. (2) and (4),
and a comparison of the former with either of the latter still
shows a one-to-one correspondence between p and H2.
However, a similar relationship between M2 and F2 is altered
through term as, which includes the effect of water friction
and the velocity with which the water is added to or subtracted
from the main channel flow.

An example of an application of the hydraulic equivalent is
the hydraulic simulation of a confined, flowing, two-phase
mixture injected with a combustible gas. Such a mixture will
exhibit a mass change dw due to the gas addition and changes
in molecular weight &W, specific heat ratio dy, and total
energy dE due to combustion. Furthermore, the slower
moving solid particles in the mixture will impose a drag dATon
the gaseous flow and an uninsulated chamber wall could mean
a heat loss - dQ. Finally, this flowing, burning mixture might
be used to deliver useful work dWx. In this case, Eqs. (3) and
(4) express the combined effect of all these variations on the
gaseous Mach number and static pressure. To find the
equivalent water flow as expressed by these equations would
require determining dp/p in Eq. (4) and then using Eqs. (5)
and (6).

It is quite possible that sufficient information may not be
available to simultaneously solve Eqs. (3) and (4) for dp/p in
the preceding case. However, if (dp/p) for the flowing
mixture is known from test data along with anticipated known
values of dA/A and y, then the equivalent water flow can be
determined. The procedure for determining this water flow is
as follows:

1) SetdH2/H2=dp/panddB/B = dA/A in Eq. (6).
2) Calculate a3,a5,a6, and#7 assuming/' = 0andj>' —y.
3) Calculate dF2/F2 from Eq. (6) and then the function

F=F(x) based upon the known boundary condition at the
channel entrance(x = Q),F=Fe=Me, as in Ref. 9.

4) With an average value of F over the simulation region,
calculate the average water velocity and the value /' for a
known water temperature.

5) Repeat steps 2-4 as often as necessary to obtain a final
variation in F.

6) Calculate dw/w from Eq. (5) and then the function
w=w(x) based upon the known boundary condition at the
channel entrance, w = wp, where wp - wp (Me,BefHg) de-
notes primary water flow rate as in Ref, 9.

In simulating the laser cavity flow of Ref. 9, the water flow
was assumed frictionless. On this basis, the computed increase
in water flow required to simulate the temperature increase
was found to be 46.8%. It is interesting to note that when
friction is considered and calculated using the expression of

Ref. 11, the required increase in water flow was 36.4%
assuming a water temperature of 20°C and normal injection
y = Q. This does not change the results of Ref. 9, since the
resultant static pressure and not the temperature increase was
simulated there. However, it does emphasize the importance
of water friction in an analog study, particularly when water
must be added to simulate a nonisentropic gas flow.
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Heat and Mass Transfer in
Close Proximity Impinging Two-

Dimensional Laminar Jets
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Introduction

IMPINGING jets are of great practical interest in many
industrial applications where they are commonly used as a

means for attaining controlled heat and mass transfer rates on
impingement surfaces. The study of jets impinging normally
on a flat surface has been undertaken by many investigators.
Gosman et al. l obtained solutions for the vorticity and
temperature fields for the jet impinging at close proximity,
but the transfer coefficients were not calculated. In the flow
model of Gosman et al., the jet penetrated the solution
domain with a fully developed Gaussian velocity profile of a
free jet. In Scholtz and Trass,2 the corresponding axisym-
metric impingement flow was investigated in two steps; in the
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stagnation region, but outside the boundary layer, diffusion
of vorticity was assumed to be negligible, and a solution was
obtained for the vorticity field and freestream velocity
distribution. In the second step, Scholtz and Trass sought a
nonsimiiar solution using the freestream velocity distribution
obtained in the first step. The investigation by Silberman and
Miyazaki3 for an impinging jet with an initially uniform
velocity profile was extended in a recent study by Sparrow and
Lee4 to the case of the impinging jet with initially nonuniform
velocity profile. In both studies, it was assumed that the
convection time based on the jet slot half-width, d/u, is much
smaller than the diffusion time d2/v. On this basis it was
inferred that diffusion of vorticity was negligible.

The studies by Ero5 and Gosman et al.1 and the ex-
periments of Donaldson and Snedeker6 have shown that the
jet impingement flow is characterized by two counterrotating
fluid systems separated by a zero vorticity line. The
magnitude of the vorticity increased on either side of the zero
vorticity line. The component of velocity parallel to the
deflecting wall was shown in these studies to attain a
maximum on the zero vorticity line, thus the velocity
distribution in the wall jet is similar to that found in a steady
free convection flow on a vertical plane surface.

The aim of this study is to use the flow model of Refs. 1 and
5 to determine the transport coefficients in close proximity jet
impingement. The result obtained will be compared with
those obtained in Refs. 2-4. The influence of the initial
velocity profile of the jet on the transport coefficients will be
investigated. In view of the long computational times
associated with this class of problems, only two velocity
profiles at a jet-width Reynolds number of 1000 will be in-
vestigated.

Analysis
The Navier Stokes equation for momentum transport and

the continuity equation for mass conservation can be
manipulated to yield the vorticity transport and stream
function equations:

(i)

(2)

—'- -Re— — + ~—^ +Re— — =0
dx2 dy dx dy2 dx dy

dy2

where 0 and \j/ are the vorticity and stream function,
respectively, and Re the jet Reynolds number defined by

-
dx dy' dy' dx

(3)

In these equations, the independent variables x, y are nor-
malized by the slot half-width d, and the velocity components
are nondimensionalized with the jet mean velocity. The
Reynolds number is based on the jet mean velocity.

The energy and mass transport equations may similarly be
written in the form

d2T fydT d2T d^dT ^—- -RePr— — + —- + RePr— — =0 (4)
dx2 dy dx dy2 dx dy

and

d2C d$ dC d2C d^dC
-^ -ReScf — + ~j + ReSc^ — =0 (5)
dx2 dy dx dy2 dx dy

where T and C are dimensionless temperature and con-
centration variables defined by

T=(T-fw)/(T0-Tw), C=(C-CW)/(C0-CW) (6)
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Fig. 1 Sketch of solution domain H= !,£ = !.

where the overbars represent dimensional variables, and the
subscript 0 represents mean variables at the jet entry into the
solution domain.

The solution domain for Eqs. (1, 2,4, and 5) is shown in
Fig. 1. The boundary conditions for these equations sum-
marized in Fig. 1 are specified in the manner proposed by
Refs. land?.

The three transport equations can be put in a compact form
in terms of the generalized variable <j>:

d2(j>
(7a)

in which </> may be replaced by 0, Ty or C, and Re^ succesively
represents Re, RePr> and ReSc.

= /^iV
a \dx) '

= /a??y
7 \dy) '

_
dx2 dx dy drj

_ -
2 \Redy2 dx dy d£

(7b)

(7c)

The new variables £, T? are suitably stretched functions of x
and y, respectively, and may be represented by the general
form £ = £ ( x ) , and K] = 17 (y).

Method of Solution
An augmented central difference algorithm5'8 was used in

discretizing the generalized governing equation. In this dif-
ferencing scheme, the first-order derivative is approximated
by the usual central difference plus a correction term which
depends on a higher-order derivative. The scheme has second-
order accuracy and yields algebraic equations that are
diagonally dominant for all values of mean Reynolds number.
Details of the development of the augmented central dif-
ference scheme can be found in Refs. 5 and 8. The solution of
the discretized equations was obtained iteratively, using the
Liebman method, with optimal relaxation factor found by
trial and error.

Result and Discussion
The vorticity and stream function results of this study

showed an enhanced entrainment zone, a result which is in
good agreement with Gosman et al.1 and Bower et al.8 The
flow in the stagnation region and in the wall jet is influenced
primarily by the main jet flow. This observation is consistent
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Fig. 3 Variation of local Sherwood number (Sc = 2.45).

with the model of Sparrow4 which assumed negligible dif-
fusion of vortieity in the direction normal to the axis of the
primary jet flow. The velocity profiles in the wall jet are
shown in Fig. 2, the distance from the deflecting wall to the
point of maximum velocity increases with distance from the
stagnation point. However, this distance from the wall does
not correspond to a boundary-layer thickness as assumed by
the Scholtz model.2 The (/-velocity profile was found to be
invariant for A:> 0.25; a freestream velocity in the sense
discussed by Scholtz and Trass was not confirmed. This
observation was independent of the initial jet velocity profile
examined in this study. The profiles in Fig. 2 agree well with
those obtained experimentally by Donaldson et al.6

The results for the heat and mass transfer computation are
shown in Figs. 3 and 4, and the corresponding initial velocity
profiles are shown inset in Fig. 4. In the mass transfer study,
the property of Naphthalene is assumed, Sc = 2.45. The
parabolic initial profile predicts Sherwood number within 2%
of the experimental data of Sparrow.4 The Gaussian profile
overpredicted data by 9%. The Nusselt number obtained in
this study is in good agreement with the values obtained for
the stagnation region of a cylinder in crossflow.9

Conclusions
The variation of heat and mass transfer parameters along a

deflecting surface is controlled by the initial velocity profile in
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Fig. 4 Local heat-transfer coefficient (Pr = 0.72, H = ]
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a close-proximity impinging jet. The difference between the
transfer parameters obtained for the Gaussiafi and parabolic
velocity profiles may be explained by the quantity of high-
velocity fluid delivered to the deflecting wall. For the same
mean flow velocity based on jet width, the Gaussian profile
attains a higher centerline velocity. The effect of the en-
trainment of ambient fluid did not seem to penetrate the wall
jet.
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Introduction
ECENTLY, Ballhuas and Goorjian * presented a method
of calculating flutter derivatives for two-dimensional
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