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P. Ba[tenz The modelling of wave propagation in complex pipe junctions is one of the biggest

challenges for simulation codes, particularly those applied to flows in engine manifolds.

D. E. Winterhone In the present work an inviscid two-dimensional model, using an advanced numerical
scheme, has been applied to the simulation of shock-wave propagation through a three-

Department of Mechanical Engineering, pipe junction; the results are compared with corresponding schlieren images and mea-
UMIST sured pressure-time histories. An approximate Riemann solver is used in the shock-

Manchester, England capturing finite volume scheme and the influence of the order of accuracy of the solver

and the use of adaptive mesh refinement are investigated. The code can successfully
predict the evolution and reflection of the wave fronts at the junctions whilst the run time

is such as to make it feasible to include such a model as a local multi-dimensional region
within a one-dimensional wave-action simulation of flow in engine manifolds.
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Introduction Multi-dimensional models of inviscid flows in manifolds, based

. . . o . on the fluid-in-cell(FLIC) method, have been used in entire en-
One-dimensional “wave-action” codes are now applied exte%

sively in the design of manifolds for internal combustion engin line intake manifold¢10-12. Flamang and Siererf3] have

Y 9 s 9 so illustrated that it is possible to use inviscid codes in steady-
[1-3]. Such codes can be u_sed for the prediction qf perform_an(f calculations to obtain the coefficients required by the
turbocharger matching studi¢4,5], and the calculation of noise

levels radiated from the ends of the intake and exhaust s Ste%essure-loss models described above.
. Lo . y the past 15 years major developments in numerical methods
[2,4,5. The modelling of complex pipe junctions, however, re

; . . X .“for wave propagation phenomena have produced robust and effi-
mains a major challenge_smce the geometry of such Junctiogd,nt nymerical schemes of high accurddyt]. In the present
cannot be represented using a one-dimensional approach as tl

ncti ft d " directional effect th an inviscid model based on a modern high-resolution shock-
junctions oiten produce strong directional efiects on the Wavgﬁpturing scheme is used to simulate the propagation of shock
which propagate through them.

Th | : d ine boundaries is that th ﬂwaves in three-pipe junctions. The results are compared with cor-
beh e usual assumption &na e at pipe OIUF‘ a”ﬁs 'Sht akt)t edpé%ponding schlieren images and pressure-time histories measured
ehaves in a quasi-steady manner, implying that the boundgiyihe qycts. These test cases provide a rigorous examination of

regions are defined by infinitesimal control volumes with no magge capabilities of the multi-dimensional model and lay the foun-

or energy storage capacity; this mea@p/¢x)>(dp/dt). Real dations for the next phase of the work which is to “embed" such

pipe junctions violate this criteria, most obviously in the cases af e in an otherwise one-dimensional engine simulation.
the four or five-into-one junctions in the exhaust systems of very

high-performance engines. These junctions also give considerably

different reflection and transmission characteristics depending @bverning Equations
which branch of the junction a wave enters—this effect is referred . ) ) o .
to as “directionality”. The directionality of junctions is used ben- The governing equations of two-dimensiomaviscid flow, in
eficially in “pulse converters” to enable several cylinders to bélifferential conservation law form are
connected together without the waves generated by their respec- OW  9F 4G

tive blowdown pulses adversely affecting the scavenging of the —+—+—=0, @
other cylinders. gt ox dy
In order to characterize directionality effects one-dimensionglhere
“pressure-loss” models of junctions have been devised which
require empirical data, obtained from steady flow tests, relating P pu pv
the pressure drop across the junction in the various directions to | opuf p+pu® | | puv
the pressure ratip6—9]. Obtaining such data is extremely time |l pv | | puv |’ | pt+pv?|’ @
consuming and the simulation model cannot be used as a design PEo puhy pvhg
procedure since the junctions have to be manufactured before
their characteristics are known. Multi-dimensional models of tr@d
unsteady flow in pipe junctions offer the prospect of removing ep=e+ H(u2+02) ©)
both the need to use empirical data and the limitation of the quasi- 0 2 '
steady assumption. The relationships formed by substituting the elements ofNhé&,
and G vectors into Eq.(1) are the continuity, momenturtx-
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constrains its internal energy to be a function only of temperature
of the gas and, in the special case of the fluid being a perfect gas,
the internal energy and temperature are related as

e=c,T. (5)

In this equatiorc, , the specific heat capacity at constant volume,
is a constant.

Numerical method

Much work has been done in the last two decades on numerical
methods for compressible floW&4]. Schemes based on solving a
series of interfacéor Riemann problems between adjacent com- -1 iYa i i i+l
putational cells have largely replaced those derived purely from ] ) ) )
Taylor series expansions. Generically these schemes, based on the Fig. 2 Piecewise-constant reconstruction
solution of the Riemann problem, are called Godunov-type meth-

ods[15], and introduce, in an explicit manner, the physics of wave ] )
propagation into the solution procedure. For Godunov-type schemes the solution vector is updated by re-

writing Eqg. (8) as
Godunov-Type Schemes. Godunov-type schemes solve the At
initial value problem which evolves from the interaction of fluid n+l_yayn_ S s NN e n n
states on either side of an interface. Godufits] supposed that Wi T=Wi 3% [F W Wi 1) = R 1(Wi 1, WO,
the initial data in the solution domain could be replaced by a set of (11)

piecewise-constant states with discontinuitiesat;;, as shown .
in Fig. 1 for the one-dimensional case. The Ipiééewise-const ere Fi*+l/2(Win’W_in+1) represents th_e flux10) given by the
ution of the Riemann problem &t+1/2 formed by the

data is taken to represent the integral average of the initial d ; . . .
piecewise-constant states in the cells ahdi +1.

over the intervak; 1/, t0 X; /- . o .
The integral form of the one-dimensional E¢s) becomes _Godunov’s original method employs the exact solution to the
Riemann probleni16] to find the inter-cell fluxes; this involves

JW  JIF iterative procedures and can impose a large burden on computing
f 17 tox =0, (6)  resources for multi-dimensional calculations. Many “approximate
Xt Riemann solvers” have now emerged in the literat{itd,17]
where which are significantly less demanding of computing time than the
calculation of the exact solution. The solution method used in the
P pu 5 present work is based on a maodification, due to Toro €18, of
W=| pu|; F=|ptpus|, (7)  the approximate Riemann solver proposed by Harten €tL8].
Jol=h puhg This Riemann solver reduces the computational effort required

On integration this equation gives using an “exact” Riemann solver by approximately 40 percent.

n+1_\n n _pn _ High-Resolution Godunov-Type Schemes Using Gradient

; i +(F ; = L . . )

(Wi WOAXH (Fi 1™ Fiea) AL=0, ®) Limiters. Piecewise-constant reconstruction of the data result-
where W represents the average of dependent variables for ting from the solution of the Riemann problem gives only first-

cell shown in Fig. 2 and is given by order spatial accuracy; second-order accuracy can be obtained by
. using a piecewise-linear reconstruction. A straightforward ap-
1 i+1/2 L . N
Wi:_f X, (9) Proach to this linear reconstruction however, leads to the spurious
AX )y 1 oscillations which are produced by any second-order scheme with

constant coefficientgl7]. This problem can be overcome by the
%se of so-called gradient limitef&0] to modify the reconstruction
so that the total variation of the reconstructed data does not ex-

andF is the average flux across the cell boundaries over an int
val of time At, given by

1 [+t ceed that of the initial data, thereby satisfying the total variation
Fi:l/ZZA_tj Fdt. (10)  diminishing (TVD) condition [21]. This generic approach was
" termed MUSCL(Monotonic Upstream Scheme for Conservation
Laws) by van Leer{20].
Equation(1) can be written, for an arbitrary control volungg
t as
Ax J
+— - -
D C EJ wdQ + %Pdszo. (12)
T T n+l Q S
: | This equation asserts that the time variation of the integral av-
' F : F eraged solutionWV, within the volume (), depends only on the
At G I i surface values of the fluxes. For any computational mesh with
' ' verticesABC equation(12) can be written as
] I
) 1 Jd
L L n Ef wdQ+ % (Fdy—Gdx)=0, (13)
A B Q ABC
i-1 i-Y2 i i+ i+1 whereF andG are the Cartesian components of the flux veétor
and are given in Eqg2). The flux across sid&B of this control
X volume is
Fig. 1 Control volume for computational cell F= Fag(Ya—Ya) — Gag(Xg—Xa) = IE[RO(WL Wg)], (14)
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whereRy (W, ,Wpg) is the interface solution of the Riemann prob-cylindrical form arises because the propagation speed in each pipe
lem defined by the two interpolated stat¥s andWg, either side is the sum of the speed of sound and the flow velocity.
of the interfaceAB. A gradient limiter is employed to ensure The simulated results shown in Fig(a were produced with
monotonicity of the interpolated data. In the present work a twdhe coarse mesh, using no adaptive refinement, shown in @ig. 5
cycle limiter is used, which is a modified version of the schem€he narrow cells in the center of the grid are caused by the need
described by Batten et d22]. to represent the “tongue” of the junction. Clearly these density
contours give a very crude depiction of the wave front. Figure
Results 6(a) shows how the resolutio_n is_improvgd by adaptively _refining
the grid to the extent shown in Fig(l9; this result was achieved
This section describes the application of the code to the simysing approximately 11,000 cells. The grid refinement was acti-
lation of shock-wave propagation through junctions formed by theated when the density gradient between computational cells ex-
intersection of three pipes. The junction considered in this phaggeded a given criteria.
of the work is a 180 deg junction, where two adjacent pipes mergeFigures 7a)—(d) show a schlieren image, a predicted schlieren
to become one pipe of cross-sectional area equivalent to sumirghge, and predicted density contours and velocity vectorts at
the individual pipes. A shock tube rig was constructed for the 250.s. Since the schlieren system measures degsitgientit
purposes of obtaining schlieren images of the waves in the more appropriate to compare the measured images with the
Junction. magnitude of the gradient of the density field predicted by the

Schlieren Images. Figure 3 shows the general arrangement o(f()de’ namely

experimental rig developed for visualizing the density gradients 5 5
(schlieren imagesinduced by the propagating wave. The driving (‘?_P) N (‘9_13) (15)
tube and shock tubgipe 1) are separated by a diaphragm which X ay| -
bursts when the pressure difference reaches a certain value. Since
the schlieren method produces two-dimensional images the tulségure 7b) shows a predicted “schlieren” image of the wave
were square and rectangular in section. Three piezo-resistive pigstem which is directly comparable with the measured image
sure transducers were located around the junction—one trasBewn in Fig. 7a). This was produced using a significantly higher
ducer in each pipe. The signal from the transducer in pipe 1 wgsd refinement level than that shown in Fighg
used, via a time-delay circuit, to trigger an argon-spark-flash unit Figures 8a)—(d) shows the schlieren image and predicted re-
and a CCD camera. The image acquired by the CCD camera vgadts att=350us. By this time the shock front has reflected from
frozen by the short duration of the light source and a sequencetbé lower wall and started to bend around the growing vortex
images of a propagating wave front was thus constructed. Thiseated at the tongue of the junction. Eventually a portion of this
was possible because the results were found to be highlave-front is transmitted back into pipe 1. The vortex produced in
repeatable. the predicted results is due entirely to the numerical viscosity
Figure 4 shows the schlieren image obtained g@0after the introduced by the discretization process, there being no explicit
wave has reached the pressure transducer in pipe 1. The waverhadel of the fluid viscosity in the simulation. In spite of this the
emerged from pipe 1 in which it was propagating from left tpredicted schlieren results shown in FigoBare remarkably simi-
right. On reaching the junction the wave-front expands in a motar to the measured schlieren image. The vortex is illustrated
or less spherical mannéeylindrical in two-dimensionsso that it clearly in the velocity vectors shown in Fig(d. At t=500us
expands around the bend into pipe 3, as well as continuing in ttEg. 9a)) the vortex has detached itself from the tongue of the
original direction of its travel into pipe 2. A rarefaction wave igunction. The reflected wave from the bottom wall is just entering
reflected backwards into pipe 1 when the shock wave encountéte mouth of pipe 1 and has reflected off the top wall of
the area expansion formed at the pipe junction and a vortexpggpe 2. This situation is reliably mimicked by the simulation
formed at the “tongue”. The distortion of the wave front from a(Fig. Ab)—(d)).

air knife edge ﬂ?\ lens etched glass CCD

supply . screen camera
mirror
regulator

1

¢ S

4 [

shock tube i L1 / /
/ (pipe 1) \ \*_' _____ JAem= T B RN
Nt

? E
|

pressure transducer
/ junction
1)

R 753-5: >

spark-—slit
_J ( light source
00 5 amp /\ ) —
ECANE . o O % video
oscilloscope / " 00,’ digitizer

/ i card

\ 1

\ ; :

\_| time delay i —/ computer

driving tube

module

Fig. 3 General arrangement of schlieren system
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Fig. 4 Schlieren image at 200 microseconds

Numerical viscosity arises from the discretisation of the gov-
erning equations of flow and has the effect of introducing a mesh-
dependent artificial mass diffusion, viscosity, and heat conduction
in the continuity, momentum, and energy equations, respectively.
These effects are often collectively termed “numerical viscosity”
and are grid dependent. The focus of this paper is, however, on
the modelling of thepropagationphenomena of the waves in the
pipes. The fluid flow field is driven by the pressure wave phenom-
ena and thus the detailed flow field in the immediate vicinity of
the junction is of secondary interest. It will be seen, indeed it is an
aim of the paper to show, that it is possible to predict the mean

(b)

Fig. 5 (a) Density contours at 200 microseconds (unrefined
grid); (b) unrefined grid

(b)

Fig. 6 (a) Density contours at 200 microseconds (refined
grid); (b) refined grid at 200 microseconds

552 / Vol. 122, OCTOBER 2000
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Fig. 7 (a) Schlieren image at 250 microseconds;  (b) simulated
schlieren image at 250 microseconds;  (c) density contours at
250 microseconds; (d) velocity vectors at 250 microseconds

pressure levels in the pipes even with an extremely coarse grid in
which the fluid flow field is very poorly resolved.

Pressure-Time Histories. Pressure-time histories at the
transducer locations are shown in Figs(dlGand 1Qb). It can be
seen that the transmitted wave amplitude in pipe 3 is substantially
smaller than both the original wave and the wave amplitude in
pipe number 2. These differences in the mean level of the wave
are an effect of the junction geometry on the propagation of the
wave-front and it is this effect which cannot be captured directly
by a one-dimensional model.

The high frequency oscillations which can be seen in the mea-
sured pressures in pipes 2 and 3 result from the transverse motion
of a wave-front across the pipes. The simulation results shown in
Fig. 1Q@a) predict accurately the mean levels of the transmitted
pressures in pipes 2 and (2 and P3 in the diagramsThe
simulated results shown in this figure were produced using an
unrefined mesh of the form shown in Figbh It does not seem
possible to resolve the pressure caused by the transverse propaga-
tion of the waves in pipes 2 and 3 using this coarse mesh. Two
predicted results are shown in each pipe, corresponding to first
and second-order spatial accuracy. The results obtained using
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Fig. 8 (a) Schlieren image at 350 microseconds;  (b) simulated  Fig. 9 (a) Schlieren image at 500 microseconds;  (b) simulated
schlieren image at 350 microseconds;  (c) density contours at schlieren image at 500 microseconds;  (¢) density contours at
350 microseconds; (d) velocity vectors at 350 microseconds 500 microseconds; (d) velocity vectors at 500 microseconds

second-order spatial accuracy retain a steeper profile of the propa¥wave propagation through 90 and 45 deg junctions have also
gating shock waves than those produced when using first-ordieren successfully simulated, as described by Pearson [@34l.
spatial accuracy. Figures 11 and 12 show measured and predicted results for a 45
Figure 1@b) shows that the pressure variations induced by thdeg junction with a nozzle in the pipe form which the shock
first three transverse wave oscillations in pipe 2 can be partialiynerges. Again, good correlation is obtained between the mea-
resolved by using adaptive grid refinement. An enlarged view stired and predicted wave patter(iSg. 11). After 0.3 ms the
the pressure variation in pipe 2 is shown in Fig(dd0The shock incident shock wave has propagated a significant distance away
wave gradient is significantly steeper compared with the resuftem the junction in each of the exit tubes and has reflected back
obtained without grid refinement. An improvement in the shockom the wall opposite the entrance to the shock tube—this por-
wave resolution also occurs when using first-order spatial acdien of the wave is approaching or is passing through the vortices
racy with mesh refinement but the transverse oscillations remainthe exit to the shock tubes.
unresolved. Figure 12 presents the pressure/time diagrams for the wave
The ability to predict the mean pressure levels of the waveg#tuation described in the previous area. It is clear that the nozzle
propagating through the junction has a major bearing on the ac-tube 1—the shock tube—has mitigated the amplitude of the
curacy of volumetric efficiency predictions obtained using engingressure waves in the exit tubes. These extra losses are at the
simulation programs and it is clear that the two-dimensionaxpense of having a larger pressure rise in the shock tube—indeed
model used in this work affords such a facility for the squarthe pressure in the shock tube rises up to a time of 0.6 ms after the
section pipes considered. The transverse component of the walieck wave has first passed the transducer in that pipe due to the
propagation would be of significance in predicting the noise spegradual reflection of a wave of increased amplitude along the
trum radiated from the end of the pipe. However waves in engim®zzle-section of the junction.
manifolds can have wavelengths of the order of one meter or moreSince the calculation techniques is based on a robust shock-
and would thus not produce such strong transverse effects. capturing scheme the model is capable of handling much greater
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Fig. 12 Pressure histories for 45 deg junction with a nozzle
Fig. 10 (a) Pressure histories; (b) pressure histories; (c) pres- 9 9)

sure histories; (d) location of pressure transducers

and 220 computational cellsSince the engine speed for this case

wave strengths than those used in the present work. Results &S 3000 rev/min this represents a duration of 0.2 seconds. Hence
pressure ratios of 4 to 1 are shown by Batten ef22] and the the two-dimensional model of a three-pipe junctio adaptive
code has been tested with much stronger waves. grid refinement requires about 13 times as much computational
effort as a typical simulation of a complete engine using a one-
Run Time. The computing time required for a simulation ofdimensional program with a simple two-zone combustion model.
duration 0.002 s after the wave has passed the first transducer

location, in a domain containing 280 triangles, and using no gr'g? .
refinement, is 14.0 seconds on a Silicon Graphics O2 workstati nclusions
(180 MHz, 64 MB RAM. When adaptive grid refinement is used, It has been established that a two-dimensional inviscid model
producing a maximum of 646 triangles, the computing time irsan predict the correct transmitted pressure levels when a shock
creases to 52.2 s. In both cases quoted second-order spatial as@ye encounters a simple three-pipe junction. Figures 5 and 6
racy was used. show that it is not necessary to use a fine mesh in order to predict
On the same computer 106.9 s CPU time was required to modleé mean pressure levels in the ducts. Indeed this can be achieved
five cycles of operation of a naturally aspirated four-cylindewith a much coarser mesh than is required to produce well re-
spark-ignition engine using a comprehensive engine simulatisnlved two-dimensional images of the wave front. Hence, the
program with a one-dimensional calculation of the manifold ggsressure-loss characteristics of the junction can be modelled with
dynamics(using a centred-difference scheme with a flux limitea very simple representation of the boundary. It is therefore an-
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ticipated that the use of such a model as a local multi-dimensionﬂ Simple Branch Systems,Proc. I. Mech. E.178 pp. 3-28.

K . . . . . . . . Watson, N., and Janota, M. S., 1971, “Non-Steady Flow in an Exhaust System
regionina one-dimensional simulation of gas dynamlcs In engin With a Pulse Converter,’Proc. |I. Mech. E., Fluid Mechanics Conference

manifolds will not require unacceptably large computing  saford.

resources. [8] Winterbone, D. E., Nichols, J. R., and Alexander, G. I., 1985, “The Evaluation
of the Performance of Exhaust Systems Equipped With Integral Pulse Con-
verters,” 16th Int. CIMAG Oslo, June.
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Intake System” ASME Conf. on Flows in Internal Combustion Engines+III
Miami, pp. 63-70.
[11] Zhao, Y., and Winterbone, D. E., 1991, “Numerical Simulation of Multi-

— TP Dimensional Flow and Pressure Dynamics in Engine Intake Manifolbisth.
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e, = specific stagnation internal energy bridge, Sept. 10-12.
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x = distance Math. Sbornik,47, pp. 271-306.
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