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SHOCK LOSS CALCULATIONS ACROSS JUNCTIONS AND SPLITS
by

John C, Edwards? and Henry E. Perlee?

ABSTRACT

A computer code for laminar, steady-state, incompressible, two-dimensional
flow developed by Gosman (g)8 was modified by the Bureau of Mines to calculate
shock (minor) loss at the intersections of ventilation ducts. Turbulent flow
was simulated using laminar flow equations and an appropriate wall shear
stress. Results of the calculation showed good agreement with the experiment.

INTRODUCTION

One of the major problems associated with underground coal mining opera~
tions concerns the design of adequate ventilation systems. Because a coal
mine may extend for miles in both directions and may have a high-density of
passageway intersections, the pressure head losses (shock loss or minor loss)
that occur at these intersections become an important ventilation character-
istic. The only information presently available in the literature pertaining
to such losses has resulted from a few experimental studies (3-4, 7). It is
of value, in the interest of designing minimum loss ventilation systems for
underground coal mines, to be able to calculate these shock losses from funda=-
mental concepts. With this objective, this investigation was undertaken by
the Bureau of Mines. The model makes use of an available laminar flow code
development by Gosman, and appropriate wall shear boundary conditions to
simulate turbulent mean flow. The results of the calculation show good agree-
ment with measured shock losses.

DESCRIPTIVE EQUATIONS

Figure 1 shows the geometry of the split and junction intersections con-
sidered in this study. The computer code used to calculate the shock at the
split and junction intersections is a modification of a computer program (2)

1Physicist.

2Supervisory research chemist.

Both authors are with the Pittsburgh Mining and Safety Research Center,
Pittsburgh, Pa.

SUnderlined numbers in parentheses refer to items in the list of references
at the end of this report.
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FIGURE 1. - Schematic of the split and junction.

for steady-state flow. The model described is based upon the Navier-Stokes
equations for two-dimensional, laminar, steady, viscous incompressible flow.
The computer code was modified to include a calculation of the pressure head
loss between A and B of the two sections in the straight branch of the 90°
junction or split. In this calculation, all passageways have the same cross
sectional area even though the code is not limited to this situation. The
shock loss, H , across an intersection is traditionally assumed to be propor=-
tional to the upstream velocity head H, according to the expression (7),

B o=xH, (1)

where H, is the velocity head at the upstream section, for example A, and
equal to 1/2 V2, where V is the flow velocity (an average cross-sectional
velocity) and x is the proportionality factor called the shock loss factor.
The flow treated here is incompressible. The shock loss H, does not refer to
losses associated with compressible gases. According to pipe flow studies,
the shock loss H, between sectionsA and B can be written (3)

P, - P,

1
B ==, +2 (B-V8) - K, (2)

where H, is the wall drag head loss and P, -F, 1is the average pressure drop
between sections A and B. Sections A and B between which the shock loss is
calculated are selected sufficiently distant from the intersection that the
flow is uniform and the pressure gradient is small. In this calculation,

A and B are 6 to 7 diameters from the junction, and the deflected branch is
at least 3 diameters in length. For a split, the wvolumetric flow rate of the
entering fluid is designated by Q, and the volumetric flow rate of the fluid
that exits through the straight branch is designated by Q, . For a junction,
the volumetric flow rate of the fluid that enters through the straight branch
is designated by Q. , and the volumetric flow rate of the fluid that exits
through the straight branch is designated by Q. The calculations for shock
loss in this report are limited to the straight branch.



Preliminary studies showed that for a junction with Q,/Q =0.31 increasing
the deflected branch length from 3 to 24 diameters and the downstream branch
from 7 to 14 diameters increased the shock loss factor in the straight branch
less than 5 pct. Furthermore, decreasing the numerical mesh size by 20 pct
in the finite difference computational procedure increased the shock loss
factor by 5 pct. Velocities and Reynolds numbers at station B in these
calculations ranged from 51 cm sec™? and 8 X 10* to 127 cm sec-l and 2 X 105,
respectively.

The pressure drop between stations A and B was calculated using the

expression
P
P _p =f<_> ax, 3
BTTA d OX

which was numerically evaluated using values of §2j> obtained from the
numerical solution.

The upstream velocity and the velocity at the branch inlet (for junctions)
or outlet (for splits) were constant over the duct cross section and specified
by means of the stream function as shown in figure 2.

The stream function is assigned a constant value along the duct walls,
and varies linearly across the inlet of the main branch and the inlet (outlet)
of the junction (split) as shown in figure 2.

The vorticity along the walls is determined by way of a no-slip boundary
condition and a Taylor series expansion of the stream function normal to the
wall as described by Gosman except for the corner point P. At P the
vorticity is evaluated explicitly. In all calculations the viscosity was
1.8 X 10™* gm cm~l sec-l.

A test was run to
¥ =y =pVa (x-%)) demonstrate the development
of parabolic flow and the
minor importance of friction
l T loss in these calculations.
A uniform flat velocity
profile defined at the inlet
of the two-dimensional duct
L Ldt £ L L2 P £ £ L without junctions or splits
and with a no=-slip boundary
condition on the walls
— — developed immediately down-
y stream into slightly
X ) asymmetric cross=-sectional
'_;' 7T TN T T 7 7 7 777 77T T 777 777777 yelocity distribution with
(X0 Yo) X| slightly increasing values
FIGURE 2. - Prescription of stream function at inlet of ~ away from the walls. The
main branch and inlet or outlet of deflect- lack of symmetry in the
ed branch; velocity is probably due to




numerical inaccuracies (truncation). Evaluation of the friction loss using
equation 2 with H, = 0 for an inflow velocity of 102 cm sec™ gave H, = =50
ct® sec=®. Such a friction loss is negligible compared with the split and
junction shock losses for comparable velocities. Consequently, H, was
neglected in subsequent calculations.

RESULTS

Laminar Calculation

Because the friction heat loss (H;) was found to be negligible in this
laminar flow model compared with the total head loss for these short branch
lengths, the H, term was neglected in equation 2. Only for very long tunnels
would the friction loss become appreciable. Figures 3 and 4 show the calcu-
lated stream lines for a junction with Q,/Q = 0.5 and a split with
Q,/Q =0.7. The main difference between these two systems is the presence of
the recirculation region that developed for the split, but not for the junc-
tion. A finer numerical grid could bring the flow separation point of
y = 14 in figure 3 closer to the corner where it is expected. Hartman (4)
in his experiments observed a recirculation region for both the junction and
the split. Figure 5 shows the calculated shock loss in the straight branch
for the 90° junction and split (for no-slip boundary condition denoted by
B =®) as a function of Q /Q. Figure 5 also shows values that are estimated
from the experimental results reported by Hartman for a rectangular cross
section duct. Shock loss factors for a split were calculated for Qb/Q from
0.655 to 0.885. Attempts to solve the equations for Q,/Q < 0.655 resulted in
very large recirculation regions in the 90° duct that always appeared to
extend to the exit of the duct making a selection of the exit boundary
conditions questionable. For this reason, no calculated values are available
for a split with Q,/Q < 0.655. Over the limited range available for compari~-
son, the calculated split shock loss factors agree with those obtained from
Hartman's studies.

Figure 3 shows that although both the calculated and measured shock loss
factors for a junction exhibit a hyperbolic dependence on Q,/Q, the quantita-
tive agreement is poor (about 100 pct difference at Q,/Q = 0.3). Because the
Reynolds number is large, a turbulent calculation is called for. This was
simulated by using laminar equations to solve the turbulent mean velocity and
an appropriate wall shear stress.

To test the sensitivity of the calculated shock loss to the choice of the
viscosity, the calculation was repeated for Q,/Q = 0.31 using a molecular
viscosity reduced by two orders of magnitude. This resulted in an insignifi-
cant change in the shock loss factor for both the split and junction.

The assumption that the shock loss factor is a function of only the ratio
Q,/Q was also tested. This was done by making two junction calculations for
Q,/Q =0.315: one with Q and Q equal to 40 and 127 cm sec™, respectively,
and the other with 4.0 and 12.7 cm sec™!, respectively. The first calculation
resulted in a shock loss factor of 7.3 and the latter 6.4, showing that
decreasing the velocities by a factor of 10 while holding the ratio Q,/Q
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KEY constant results in a
. decrease of the shock loss
® Junction, B = factor of 10 pct.

Calculated o Split, B= o
& Junction, 8=5 x 107® Other calculations
o Junction indicate that the shock loss
x  Split exhibits a strong dependence
on the wall boundary condi-
tion, that is, slip versus
no-slip. The no-slip condi-
tion at the wall generates
vorticity which is advected
and diffused into the main
flow where it is sub=
sequently dissipated by
viscous forces. The wall
vorticity boundary condition
for no-slip has been treated
- here in the manner described
by Roache (8) where he
— derives an expression for
the vorticity using a Taylor
- series expansion of the
stream function out from the

. —
. | \ ! | | f——o0, wall retaining second order

Qy,/Q

Experimental {

Turbulent Calculation

FIGURE 5. - Predicted and experimental shock loss

factors, The significance of

no-slip boundary condition

can be readily demonstrated
by examining the results of a calculation with and without slip at the wall
for a junction. For example, for an input velocity in the deflected branch
of 87 cm sec™ , and input velocity of 40 cm sec~! in the straight branch, we
find a shock loss factor of approximately 7 using no-slip and 0.06 using slip.
This illustrates the strong dependence of the calculated shock loss factor
upon the wall boundary condition. This could readily account for the 100~pct
discrepancy between the calculated and measured values. For the perfect slip
condition, no vorticity is generated within the system. This observation
suggests that a suitable selection of the expression for the wall shear stress
intermediate between slip and no-slip for calculating the wall vorticity might
provide more satisfactory agreement with the empirical results. To examine
this possibility, a technique reported by Lugt and Ohring (6) was selected
in which they used a shear stress (r) given by the expression

T = BU. (4)
The condition of perfect slip is equivalent to 8 = 0, and no=-slip to

= w. The factor B in equation 2 is related to the coefficient of accommoda~-
tion (5), which is a measure of the fraction of gas molecules incident on a



wall that are absorbed. The introduction of a certain amount of slip through
the wall shear stress relationship, equation 4, and the use of laminar flow
equations, where the laminar velocity is interpreted as a mean turbulent
velocity, is used here to simulate turbulent flow. The vorticity at the wall
was modified to include this expression by solving the second order Taylor
expansion of the stream function at the wall for the vorticity as discussed by
Roache, that is,

LA

- 1y 2 3
\yw—%-l - Yw + ay . y + 2 ayg (AY) + O(AY) b (5)

W

where W is a point on the wall and W + 1 is a point, one mesh point from the
wall interior to the gas.

Replacement of the derivatives at the wall in equation 5 by the
x~component of the velocity at the wall, namely,

and the vorticity at the wall by
results in the expression
Yesr = Y T pU, Ly - % pwy, (Ay)® . (8)

Combining equation 4 with the shear stress definition

T T %’;‘71" (9

and a finite difference expression for the derivative in equation 9 gives the
following expression for the tangential velocity at the wall, U, , with respect
to the longitudinal component of the velocity, U,., ,

Uw +1

U, . (10)

1+ 2y
5

Simultaneous solution of equations 8 and 10 for the wall vorticity yields

2 1 Yy - Yy

T (yF L
5 dy + 1

0 . (11)




Equation 11 is applied

| I | I | l | I I | I ' I along the wall boundaries,

] except at the corner point P
(see fig. 2), where it is

— evaluated explicitly in the
! same manner as all interior
KEY 1 points. The finite differ-
ence equations for @ and VY
interior to the duct are
discussed in reference 2.

90° junction
Q,/Q=0.3

The shock loss factor
| in a straight branch of a

4 junction with an input vel-
ocity of 87 cm sec=* in the
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straight branch and 40 cm
sec™® in the deflected
logio B branch (Q,/Q = 0.31) was
FIGURE 6. - Shock loss factor for a junction for calculated for values of 8
Q,/Q=0:31 with 10-7 < g < 107, ranging from 1077 to 107.
The results of the calcula-
tion are shown in figure 6.
Figure 6 shows that the transition from slip to no-slip occurs at values of B
corresponding to about 10~*. The results in figure 6 also show that, if we
choose B =5 X 107®, then the shock loss factor agrees with the corresponding
empirical value (for Q,/Q = 0.31) shown in figure 5. A recalculation of the
shock loss factor with B =5 X 107® for two additional values of Q,/Q for the
junction gave excellent agreement with the empirical values of the shock loss
factors as shown in figure 5. It remains for future investigations to deter-
mine if this value of g is unique, that is, if it might also be a function of
the geometry of the intersection.

CONCLUSTIONS

The computer code cited in reference 1, supplemented by the wall shear
boundary condition, v = Bu, yields encouraging results, but additional tests
are required to assess the utility and range of applicability of the model.
Although for the large Reynold's numbers considered in these calculations,

Re ® 10*, a turbulent computation should be made; it appears that through the
augmentation of the wall shear stress definition made in equation 4, a suit-
able predictive capability was achieved with otherwise laminar flow equations.
In particular, calculated shock loss in the straight branch at such intersec=~
tions shows good agreement with corresponding measured values. It has also
been shown that shock losses at intersections are, for the most part, functions
of the ratio of the inlet and outlet velocities and relatively independent of
their magnitudes.

It will require further experimental and numerical studies before a model
sufficient for design purpose is developed. Future numerical work should
include three-dimensional effects and an exploration of turbulent models.
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