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Abstract: This study investigating the accuracy of turbulence model simulations of the exhaust
manifold using computational fluid dynamics (CFD) carries significant implications. By modeling
and analyzing the flow of emissions, we aim to identify areas of high stress and pressure, mini-
mize the pressure drop, and maximize the flow of exhaust gases. This not only enhances engine
performance, reduces emissions, and improves the durability of the manifold but also provides
a unique opportunity to predict and analyze the flow and performance of the exhaust manifold,
both quantitatively and qualitatively. This paper aims to provide a detailed comparison of five
turbulence models that are commonly used in CFD to offer valuable insights into their accuracy
and reliability in predicting the flow characteristics of exhaust gases. The results show that the
k-kl-w model showed the highest maximum velocity and the most comprehensive temperature range,
efficiently capturing the transitional flow effects. The K-w STD and SST transition models displayed
significantly higher turbulent kinetic energy (TKE) values, indicating their enhanced effectiveness
in modeling complex turbulent and transitional flows. Conversely, the Reynolds stress and RNG
k-epsilon models displayed lower TKE values, suggesting more subdued turbulence predictions.
Despite this, all models exhibited similar pressure drop trends, with a noticeable increase near the
midpoint of the manifold. These quantitative findings provide valuable insights into the suitability of
different turbulence models for optimizing exhaust manifold design.

Keywords: computational fluid dynamics; turbulence model; exhaust manifold; velocity; pressure;
temperature

1. Introduction

The exhaust manifold is a fundamental component within the vehicle’s infrastructure,
serving the essential function of expelling harmful gases emanating from the engine (see
Soares et al. [1], Cheng et al. [2], and Chaudhari et al. [3]). The primary objective of
this critical subsystem revolves around the reduction of noise and the effective control of
emissions. In the context of a scientific article, understanding and optimizing the exhaust
manifold’s role is imperative for advancing both vehicle performance and environmental
considerations.

Turbulence is a complex phenomenon that is a challenge for precise modeling in
CFD simulations. A range of turbulence models is available, each with its own lim-
itations and assumptions, underscoring the importance of selecting the most suitable
model for our study. Leveraging CFD methods allows for the simulation of flow patterns
within the exhaust manifold, facilitating the optimization of its design parameters (see
Wang et al. [4] and Cihan et al. [5]). The primary aim of this study is to conduct a transient
CFD analysis of an exhaust manifold using five turbulence models. The objective is to com-
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pare these models and identify the most accurate one for predicting velocity, temperature,
and turbulent kinetic energy within the exhaust manifold.

Many studies have been conducted to compare different turbulence models for differ-
ent flow situations. Bral et al. [6] discussed using CFD simulations to analyze an exhaust
manifold’s flow and emissions characteristics. The objective of the study was to find ways
to decrease emissions by enhancing the design of the manifold. This research offers sig-
nificant insights into the use of CFD simulations to optimize exhaust manifold designs
to reduce emissions. The results of this study can be utilized to create more efficient and
environmentally friendly automotive engines.

Haoran and Jianhong [7] compared the performance of five turbulence models when
modeling the nearshore hydrodynamics of coral reefs using the open-source solver OlaFlow.
They found that the k-omega SST turbulence model showed the best agreement with the
field measurements, followed by the k-epsilon turbulence model. The standard k-omega
model was unsuitable for modeling the coral reefs’ nearshore hydrodynamics, due to its
inability to capture complex flow patterns.

Ajayi et al. [8] underscore the critical importance of accurately predicting airflow
around turbine rotors to optimize wind farm layout design. The study evaluates numerical
turbulence models, including Reynolds-Averaged Navier Stokes (RANS) and two-equation
transport models k-¢ and k-w, emphasizing their respective strengths and limitations. The
findings indicate that the k-w model, particularly the combinatorial shear stress trans-
port version, offers a comparative advantage in resolving eddies and addressing the
closure problem.

Cen [9] compared two turbulence models, omega RSM and RNG k-¢, to simulate a
hydro cyclone used in mineral processing. The Eulerian-Eulerian approach was used to
simulate water and solid particle flow. Both models were compared based on velocity field,
pressure drop, and separation efficiency. The omega RSM model provided a more accurate
prediction of the velocity field near the wall.

Huang et al. [10] compared a developed SST k-w turbulence model with other turbu-
lence models for predicting turbulent slot jet impingement in heat transfer. CFD simulations
were used, showing that the SST k-w turbulence model provided more accurate predic-
tions of the heat transfer coefficient. The model captured primary features such as the jet
impingement zone, the wall jet, and the recirculation zone.

Cabello et al. [11] investigated the heat transfer characteristics of pipes with twisted
tapes using CFD simulations and experimental validation. Twisted tapes promote turbulent
flow and enhance heat transfer by creating vortices. The study found that a horizontal
pipe with a twisted tape insert significantly improved the heat transfer rate in both laminar
and turbulent flow regimes. The CFD simulations were in good agreement with the
experimental data, validating the accuracy of the model.

Eroglu et al. [12] presented a theoretical analysis that evaluated three distinct computer-
aided engineering (CAE) methodologies for simulating fluid flow and thermal distribution
in the exhaust manifold of a heavy-duty diesel engine. The fluid flow pulsations in the
engine exhaust manifold represented a significant level of complexity. Consequently,
experimental measurements of the manifold temperatures were conducted to validate
the results obtained from each CAE approach. The predicted metal temperature was
subsequently utilized to carry out a thermo-structural durability analysis. It is noteworthy,
however, that assessing the exhaust manifold design of the HD diesel engine extends
beyond the parameters of the present study.

Moen et al. [13] compared k-epsilon turbulence models for simulating gas release and
dispersion using the FLACS CFD code. The study identified the most appropriate k-epsilon
model for simulating gaseous release in complex environments. The three models analyzed
were the standard, RNG, and realizable k-epsilon models. The realizable k-epsilon model
provided the best results, while the standard k-epsilon model was the most computationally
efficient. The RNG k-epsilon model predicted the turbulence intensity most accurately.
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Allawi et al. [14] analyzed the exhaust manifold of a four-stroke, four-cylinder, spark-
ignition engine using three different fuels: gasoline, methane, and methanol. The focus
was on assessing flow characteristics and backpressure at 1000 rpm. Methane exhibited the
lowest exit pressure and demonstrated superior exhaust manifold performance.

Bajpai et al. [15] evaluated the performance of the exhaust manifold in a four-cylinder
gasoline engine using three fuels—gasoline, alcohol, and LPG. The study aimed to ana-
lyze the flow characteristics and thermal behavior and minimize the backpressure. The
results showed that LPG fuel produced the least backpressure and was a viable alternative
to gasoline.

The main goal of this study is to use the CFD approach to analyze and simulate the
behavior of exhaust gases as they flow through an exhaust manifold. This analysis will
furnish comprehensive details regarding different factors, including velocity, pressure,
temperature, and turbulence, which are usually difficult or impossible to acquire through
experimentation. To achieve this goal, the study will use multiple turbulence models to
compare them and determine the most appropriate one.

2. Methodology
2.1. CED Analysis

CFD analysis is a numerical technique used to simulate and analyze the behavior of
fluid flow and related physical phenomena using computational methods and algorithms
(e.g., Blocken et al. [16] and Sunny and Krishnaraj [17]). It involves the discretization of the
governing equations of fluid mechanics, such as the Navier-Stokes equations, into a set of
algebraic equations that can be solved numerically using numerical simulation software
ANSYS V23 R2.

The exhaust manifold analysis process involves several critical steps, as outlined in
Figure 1 (e.g., Bober et al. [18] and Tao et al. [19]). The first stage is preprocessing, wherein
we create a geometric model of the manifold and gather relevant information such as
dimensions, material properties, and operating conditions. Next, we mesh the model into
a finite number of elements and refine the mesh to enhance its accuracy in specific areas
of interest.

[ Geometry design ]

Pre-processor } o

[ Mesh generation ]

[ Boundary condition ]

SOlver 3’” T

[ Numerical resolution ]

Compare

Postprocessing """ i [ visualize the results. ] the turbulence

models

Figure 1. Flowchart of modeling.



Appl. Sci. 2024, 14, 5262

40f18

Our second step is the solver, whereby we solve the primary equations of fluid
mechanics using numerical algorithms, considering the turbulence model used.

Finally, postprocessing entails visualizing and interpreting the CFD analysis results, in-
cluding extracting relevant information like drag and lift coefficients, pressure distribution,
and velocity profiles. To choose the best model, it is crucial to complete these steps with
all the turbulence models examined to compare velocity distribution, pressure, turbulent
kinetic energy, and temperature predictions.

2.2. Mathematical Modeling
Governing Equations

The three basic principles governing fluid motion are mass, momentum, and energy
conservation (Sahoo and Tahiya [20], Teja et al. [21], and Benek and Ozsoyal [22]).

Continuity % +V.(p.V)=0 (1)
do
Momentum P = Vot —V.ag+p.F (2)
dE d
Energy P +p(V.V) = ET? ~-Vg+o 3)

where:

p is the density, V is the fluid velocity vector, Tj is the viscous stress tensor, p is the
pressure, F represents the body forces, q is the heat source term, e is the internal energy, t is
the time, ¢ is the dissipation term, and V.q is the heat loss by conductivity. Fourier’s law
for heat transfer by conduction can be used to describe g, as follows:

qg=—kVT 4)
VV=0 (5)
dv
P = uV2V — Vp + oF (6)
de E)iQ 5
e ath T+® (7)

The formula for thermal conductivity (k) involves temperature (T). One or more terms
might be negligible, depending on the physics governing fluid motion.

In the simulations, the PISO algorithm was used for pressure velocity coupling to
solve the equations for the flow field variable values in each computational cell. The
discretization scheme used was a first-order upwind scheme, except for the pressure field,
where the second-order upwind scheme was applied. The transient formulation utilized is
bounded as second-order implicit.

2.3. Turbulence Models Equations

The provided table offers a comprehensive overview of the various turbulence models
utilized in our research study (e.g., Rezaeiha et al. [23]). Each turbulence model is defined
by the number of its governing equations, the presence or absence of transition modeling,
and its respective abbreviation. Herein, there follows a brief elucidation of each model
(Table 1).



Appl. Sci. 2024, 14, 5262 50f18

Table 1. Turbulence models overview.

Turbulence Model Numb.er of Tran51t} on Abbreviation
Equations Modeling
1 RNG k-¢ model 2 No RNG
2 k-w model STD 2 No RKE
3 k-kl-w 3 YES KKL
4 SST transition 4 YES TSST
5 Reynolds stress 7 YES

2.3.1. The RNG K-¢ Model

The k-¢ turbulence model is widely used in CFD simulations. It is a two-equation
model based on the Reynolds-averaged Navier—Stokes (RANS) equations.

The k-¢ model consists of two transport equations: one is for turbulent kinetic energy
(k) and one is for the dissipation rate of the turbulent kinetic energy (¢). The turbulent
kinetic energy represents the kinetic energy associated with random fluctuations in velocity,
while the dissipation rate represents the rate at which the turbulent kinetic energy is
dissipated into thermal energy (Gao et al. [24]).

The k-¢ model is widely recognized in the field of engineering for its simplicity and
computational efficiency when dealing with turbulent flows. However, this model has
been found to have limitations, particularly in the case of swirling flows, and its ability to
accurately capture complex turbulent phenomena is questionable. As a result, advanced
turbulence models, such as the large eddy simulation and direct numerical simulation,
are sometimes employed to achieve more precise predictions. The judicious use of these
models can lead to more accurate results in applications where precision is paramount
(Ishihara et al. [25] and Deng et al. [26]):

d d 0 ok
3 (Pz) + o (szk) =5 (akllkffax) + Gr+ Gy — Yk — sk — px 8)
j j

and: 5 5
3 (0e) + 5% (peu;)

2 )
= E)ix, ((XS nut’ffaaT?j) + Cls%(Gk + C35Gh) - CZSP% —Rs+Ss

The following terms are of significance when describing different factors that con-
tribute to the generation of turbulent kinetic energy:

- Gy signifies the production of turbulent kinetic energy resulting from mean velocity
gradients.

- Gy, denotes the generation of turbulent kinetic energy attributed to buoyancy.

- Yy represents the involvement of fluctuating dilatation in compressible turbulence,
contributing to the overall dissipation rate.

- ogand oy represent the reciprocal effective Prandtl numbers for € and k, respectively.

- Sy and S are designated as user-defined source terms.

The k-¢ model assumes that the turbulent viscosity is proportional to the ratio of the
turbulent kinetic energy to the dissipation rate. This relationship is expressed as:

0CruK?

: (10)

Myt =
where m,; is the turbulent viscosity, p is the density of the fluid, Cyy is a constant that is
typically 0.09, k is the turbulent kinetic energy, and ¢ is the dissipation rate of turbulent
kinetic energy.
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2.3.2. SST K-w Model

The SST k-omega turbulence model is a mathematical model used in CFD to simulate
turbulent flows. It is a two-equation model that solves two turbulence-related variables, k
(turbulent kinetic energy) and omega (specific dissipation rate) (e.g., Adanta et al. [27] and
Costa et al. [28]).

Turbulent kinetic energy (k):

d(pk) , d(pkU;) o ow
oF + . E)Tc] Tkaij + Gy — Y +Sk (17)
Specific dissipation rate (w):
d(pw) d(pwl;) 9 ow
ot + x; = ax]' Twaxj + Gw — Yw+Dw+Sw (12)

where:

Gw represents the generation of w, Gy represents the generation of k due to mean
velocity gradients.

Tx and T, represent the effective diffusivity of k and w, respectively.

Y., and Yy represent the dissipation of w and k in the turbulence, while éw represents
the cross-diffusion term.

Sk represents user-defined source terms.

The w model addresses two transport equations for k and w, along with the continuity,
momentum, and energy equations. The transport equation for k covers the production,
diffusion, and dissipation of turbulent kinetic energy, while the transport equation for
omega deals with the production and destruction of the specific dissipation rate.

2.3.3. K-Kl-w Transition Model

The k-kl-w transition model, an extension of the standard k-w model (e.g., Wang
and Wang [29] and Salimipour [30]), introduces an extra transport equation for laminar
kinetic energy (kl) in addition to the existing k-w transport equations. This augmentation
is designed to anticipate the initiation and span of transition by addressing low-frequency
large-scale velocity fluctuations within the boundary layer. These fluctuations serve as
indicators of pre-transition processes. The model considers both natural and bypass
transitions. Unlike the TSST and SSTI models, the k-w model relies more on physics-based
principles rather than correlations.

Within this model, there exist transport equations for turbulent kinetic energy per unit
mass (kr), laminar kinetic energy per unit mass (kz), and the specific dissipation rate (w).
When these differential equations are expressed in an incompressible form, they manifest

as follows:
DkT _ 0 xr akT
Tt—PkT‘i‘RBp‘i‘RNAT—CUkT—DT‘Faix] <'U+O_k>ax] (13)
14
DTI?:PkL*RBP*RNAT*DL+%{U%} 14)
% = CwlﬁPkT + ((}LWR — 1) %(RBP + RnaT) — f%Vszwz 5)

i+ (o) ]

where P, Rpp, Ryat, and D denote the turbulent production, bypass transition, natural
transition, and near-wall dissipation term, respectively.
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2.3.4. Transition SST Model

The SST k-w transition model, also known as the v — Reg model, introduces two addi-
tional transport equations for y and Rey , alongside the existing SST k-w transport equations.
This extension enhances the SST k-w model’s capability to predict the onset and length
of transition. The intermittency equation initiates local transition, while the momentum-
thickness equation captures non-local flow effects, making the model sensitive to factors
such as length scale, Re, pressure gradient, and freestream turbulence intensity6. Operating
as a correlation-based model, it employs empirical correlations for Rey, to activate the
model or identify those instances where transition may be bypassed due to exceptionally
high turbulence levels. To predict free shear flows as fully turbulent, the SST k-w model
incorporates turbulent production limiters (e.g., Rajkumar et al. [31]) to prevent excessive
turbulent kinetic energy predictions in stagnation regions.

pi | 9
(e85 "

This equation represents the intermittency equation factor (7y) in a turbulent flow. It
includes the terms for production (P+y), destruction (Evy), and diffusion.

dpy  IPUjY
at 8x]

d
_PW_E7+87x]

81€€9t

dpReg;  dpU;Rep:
+
ax]»

ot ax]

(17)

d
= Py + aTc] oo (W + pt)

This equation represents the transport equation for the turbulent Reynolds number
(Reg) associated with thermal fluctuations. It includes the terms for production (Py;) and
diffusion.

2.3.5. Reynolds Stress Model

The transport equations for the transport of the Reynolds stresses, pu;u}-, can be written
as follows (e.g., Jubaer et al. [32]):

% (@ + 2 (puku;u'.> = _Bixk [pulu]uk + p(ék]-u;- + Jiku}.ﬂ

Bxk
Time Derivative Cij= Convection Dy jj= Turbulent Diffusion
. d B() ,,auj+,,8ui 5( i 7)
— | p=— ;)| —pluwu,~—>+uu —|— L e
axg | M ax, i PUMiMge, T itk g, ) T PPASIHT T &1,
Dp,;j= Molecular Diffusion Pjj= Stress Production G (18)
ij
’ ! ’ !
+p o + % - 2]/1%% —Zp()k<u'.u' €ikm + Wi Eik ) + S
ax]‘ 8x,- Bxk Bxk ] =k i jkm \Eiedr
T~ User-DefinedSourceTerm
(S — . _ . .
Y PressureStrain F;; = Production by System Rotation
ij

The provided set of equations describes the conservation equations for turbulent flow. Several
terms in these equations, namely, Ci]-, DLli]-, P,-j, and F,-]-, do not necessitate any additional modeling.
However, D, ijr G,j, Pijs and e€ij require modeling to complete the equations. The following sections
elaborate on the modeling assumptions necessary to solve this set of equations.

3. Exhaust Manifold Analysis
3.1. Manifold Design

The system was modeled using CATIA V5 R21 software for part design. The CAD model of the
exhaust manifold system can be seen in Figure 2 (e.g., Wu et al. [33]).



Appl. Sci. 2024, 14, 5262

8 of 18

(@)

Figure 2. (a) Top view of the exhaust manifold. (b) Bottom view of the exhaust manifold. (c) Isometri-
cal view of the exhaust manifold.

3.2. Material Fluid Properties

Carbon-oxide-nitride is used in the CFD analysis of an exhaust manifold due to its unique
properties, which make it suitable for modeling exhaust gases. With a density of 1kg/m3, it accurately
represents gases, indicating a low-density fluid that aligns well with the behavior of exhaust gases,
which are less dense than liquids or solids. The specific heat capacity (Cp) is represented as a
piecewise polynomial, enabling precise modeling of the variation in heat capacity with temperature.
This is particularly important in exhaust systems, where gas temperature can vary significantly. The
relatively low thermal conductivity of 0.0454 W/mK is consistent with the thermal properties of gases,
which generally exhibit lower thermal conductivities compared to solids or liquids. The viscosity of
1.72 x 1072 kg/m.s indicates a low-viscosity fluid, which is typical of gases, thereby facilitating the
examination of flow dynamics in the exhaust manifold.

The specific heat capacity (Cp) can be mathematically expressed as a piecewise polynomial
function of temperature. The model divides the temperature range into several segments, each
represented by a polynomial of a specific degree:

o T+ a4+ a, ForTy < T< Ty
biT" + by T" 1 4 4 by For T; < T< Ty
Cp(T) = : 19)
kTP + I TP 1+ 4 ki For T,_1 < T< Ty

where:

aj, bj, ..., k; are the coefficients of the polynomial segments for each respective temperature range.

To, Ty, ..., T, are the temperature breakpoints that define the range for each polynomial segment.

n,m..., p are the highest degrees of the polynomials in their respective segments.

For the given range from 300 K to 5000 K, the coefficients are defined as a; = 560.0615,
ap = 1.755483, a3 = —0.001770155, a4 = 1.16292 x 10~°, and a5 = 3.775009 x 10710,

These properties collectively facilitate a thorough analysis of the thermal and flow characteristics
within the exhaust manifold, guaranteeing the precise capture of the gas’s compressibility and varying
thermal behavior.

3.3. Boundary Condition

Conducting a comparative study of different turbulence models with consistent boundary
conditions is crucial for a meaningful analysis to investigate how each turbulence model responds
to different flow conditions. Some models may perform better in certain regimes (e.g., attached
boundary layers or separated flows) than others.

Table 2 provides a comprehensive overview of the boundary conditions employed in our com-
parative study. These conditions were consistently applied across all turbulence models to facilitate a
comprehensive evaluation. The specified boundary conditions encompass a velocity magnitude of
20 m/s for the three inlets of the exhaust manifold. Additionally, distinct inlet temperatures of 790 K,
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800 K, and 810 K were designated for inlet 1, inlet 2, and inlet 3, respectively. Notably, all specified
zones exhibit a hydraulic diameter of 0.06 m. This standardized methodology affords a meticulous
assessment of turbulence model performance across a spectrum of flow scenarios. Convective heat
transfer has been employed to represent the thermal interaction between the exhaust gas and the
external environment. For this, a convective boundary condition is set (Malik et al. [34]), using

Newton'’s law of cooling:
oT
_Kg = h(Tyan — Te) (20)
where:
11 is the heat transfer coefficient of 40 W/m?2K.
Tw is the ambient temperature of 400 K.
The approach ensures that the simulation accurately depicts the heat exchange between the

exhaust manifold walls and the surrounding air.

Table 2. Boundary conditions.

Zone Ve10f: ity Temperature Pressure Turbule.nce H}.Idraulic
Magnitude Intensity Diameter
Inlet 1 20m/s 790 K - 5% 0.06 m
Inlet 2 20m/s 800 K - 5% 0.06 m
Inlet 3 20m/s 810K - 5% 0.06 m

3.4. Grid Analysis and Mesh

An essential aspect of CFD simulations includes the careful determination of grid size. The grid
must have sufficiently large dimensions to accurately represent the geometry, while also considering
that a higher node count can result in longer CPU processing times. To determine the best mesh
size for this analysis, a grid sensitivity study was implemented using eight different cell sizes, and
two parameters were chosen to represent each grid: heat transfer and the velocity at the outlet. The
study compared the changes in these parameters and their magnitudes at the exhaust gas outlet
for the different mesh sizes, and the results showed that a grid size of 31,038 cells gave satisfactory
results. Although a grid size of 109,668 also gave satisfactory results, it significantly increased the
computational time. Therefore, a grid size of 31,038 cells was chosen for the simulation as it did not
affect the results significantly. Table 3 shows the average velocity and maximum velocity for each
grid and provides the percentage deviations from the chosen grid size.

Table 3. Mesh convergence study.

Mesh Number of Average Maximum Dev1at10n. of Dev1at10n.0f
Mesh # .. . . AveVelocity MaxVelocity
Sizing (mm) Nodes Velocity (m/s) Velocity (m/s)
(m/s) (m/s)

1 2 109,668 59.9909 64.0716 0.025% 6.360%
2 3 33,639 59.9631 59.6708 0.021% 0.946%
3 7 32,518 59.9895 64.0739 0.023% 6.363%
4 10 31,038 59.9758 60.2405 0.002% 0.015%
5 20 30,642 60.0115 60.0423 0.060% 0.329%
6 25 30,281 60.0244 60.3088 0.081% 0.113%
7 30 29,944 59.9605 60.4498 0.026% 0.347%
8 40 29,531 60.0202 60.0982 0.074% 0.236%

In near-wall regions, the solution gradients are very high, but accurate calculations are paramount
to the success of the simulation. Since the calculations deal with solid-fluid variables, the near-wall
treatment is essential. In Figure 3, mesh inflation is employed around the exhaust gas to ensure a y+
value of less than 1 throughout all simulations. An inflation mode with 5 layers is also used, adding
extra layers of mesh cells near the solid boundaries where significant flow gradients are present (e.g.,
Ouyoussef et al. [35]). These layers are gradually refined toward the wall to provide better resolution
of the boundary layer and to capture the flow phenomena in that region. This technique is commonly
used in CFD simulations to achieve higher resolution when capturing near-wall flow behavior.
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Five layers

Figure 3. Meshed exhaust manifold, inflation mode around the fluid.

3.5. Time Step

The Courant-Friedrichs-Lewy (CFL) condition ensures numerical stability. For explicit schemes,
the CFL number remains less than 1. In our simulation, we opted for a CFL number of 0.5 for the
initial estimation, to provide a margin of safety. The CFL condition is mathematically expressed as
CFL = % ; it is particularly critical for transient simulations involving compressible flows, most
notably in exhaust manifold scenarios, where the flow characteristics change over time and need to
be accurately captured. We considered a velocity magnitude v of 20 m/s and grid mesh Ax of 0.01 m;
as previously determined, the corresponding initial timestep was calculated as At = 0.00025 s.

3.6. Results and Discussion
3.6.1. Temperature Comparison

Figure 4 reveals the distribution of the temperature at the outlet of the exhaust manifold using
the five turbulence models; all models predict a similar maximum temperature at the outlet, showing
that the maximum at the outlet of the exhaust manifold is closely clustered between 807.73 K and
808.58 K, with the k-kl-w model predicting the highest maximum temperature at 808.58 K. Minimum
temperatures vary more, ranging from 790.23 K to 795.56 K, with the Reynolds stress model showing
the lowest minimum temperature at 790.23 K. The k-kl-w model stands out, presenting the broadest
temperature range.

All models show a decreasing temperature trend as the position Y changes from the inlet
0.20 m to the outlet —0.11 m, as shown in Figure 5; k-kl-w shows the highest temperatures initially,
reflecting sensitivity to transitional flows. The RNG k-epsilon model shows a rapid temperature
decrease, reaching the lowest minimum temperature, around 798 K, at —0.11 m. K-omega STD and
k-kl-w models display similar trends, with k-kl-w consistently predicting higher temperatures. The
transition SST and Reynolds stress models exhibit closely matched trends, with transition SST initially
showing slightly higher temperatures.
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Figure 4. Temperature distribution at the outlet of the exhaust manifold (90 s).

Temperature distribution comparison
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Figure 5. Temperature distribution comparison.

As depicted in the 2D ZY plane in Figure 6, the temperature distribution among the exhaust
manifold shows the contours for different turbulence models—RNG k-epsilon, k-omega STD, k-kl-w,
transition SST, and Reynolds stress. Each model illustrates a gradient from high to low temperatures,
with the highest temperatures generally observed near the inlet and the lowest temperatures towards
the outlet. The k-kl-w model predicts the highest maximum temperature of 808.58 K, indicating
its sensitivity to transitional flow effects. The RNG k-epsilon model shows a rapid decrease in
temperature, with the lowest minimum temperatures around 790 K. K-omega STD and k-kl-w
exhibit similar trends, while the transition SST and Reynolds stress models show closely matched
distributions. These findings are essential for understanding the thermal behavior of the exhaust
manifold, aiding in optimizing design and material selection to enhance performance and durability.

3.6.2. Velocity Comparison

Figure 7 depicts the velocity profiles at the exhaust manifold outlet in the ZX plane. The k-kl-w
model indicates the presence of the highest velocity regions, reaching up to 80.63 m/s, signify-
ing strong transitional flow effects. In contrast, the RNG k-epsilon, k-omega STD, transition SST,
and Reynolds stress models exhibit maximum velocities in the 63-65 m/s range. These discrepan-
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cies in velocity profiles underscore the distinct capabilities of each model in accurately capturing

flow dynamics.
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The diagram shown in Figure 8 illustrates how velocity varies across the manifold, with positions
ranging from 0.2 m to —0.105 m in the XZ plane. Initially, the velocity at the three inlets is set to
20 m/s as per the boundary condition. As it moves through the exhaust manifold, the velocity
gradually increases. The k-kl-w model stands out with higher velocities, peaking at around 65 m/s
and maintaining higher velocities along the exhaust path y-axis; the RNG k-epsilon, k-omega STD,
transition SST, and Reynolds stress models exhibit similar peak velocities, at around 63-65 m/s.

Velocity distribution comparison
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Figure 8. Velocity distribution in the exhaust manifold.

These models predict slightly lower peak velocities compared to the k-kl-w model but follow a
nearly identical trend, increasing steadily up to 0.00 m and then maintaining or slightly decreasing.

Although all models follow a similar curve in the velocity distribution graph, despite varying
peak values, it highlights their general agreement in predicting flow behavior within the exhaust
manifold. This consistency across different turbulence models indicates reliable modeling of the
exhaust flow dynamics, which is crucial for optimizing the manifold’s design for efficient exhaust gas
expulsion and for minimizing backpressure. The k-kl-w model’s higher-velocity predictions provide
additional insights into transitional flow effects, offering a more detailed analysis for fine-tuning
manifold performance.

As can be seen, Figure 9 depicts the contour of the streamlined velocity contours across the
exhaust manifold, captured for various turbulence models, revealing that all models predict a similar
trend in flow patterns with smooth streamlines. The k-kl-w model predicts the highest velocities
(up to 72.27 m/s) and exhibits more complex patterns, effectively capturing transitional flow effects.
In contrast, the other models (RNG k-epsilon, k-omega STD, transition SST, and Reynolds stress)
show slightly lower maximum velocities (around 65-66 m/s) but maintain well-structured and
consistent flow patterns. The k-kl-w turbulence model uses the length scale variable, which enhances
its capability to handle the flows with the manifold while considering the curvature of the inlets. This
feature allows the model to represent the domain’s exhaust gases and turbulent structures accurately.

3.6.3. Pressure Comparison

The following diagram presents the pressure fluctuations observed over a spatial range spanning
from 0.2 m to —0.105 m.

The Figure 10 shows that the exhaust manifold indicates a consistent trend in pressure drop
for all turbulence models. The pressure decreases steadily from around 1.02 x 10° Pa at 0.20 m to
the defined outlet pressure of 10% Pa at —0.11 m. However, a distinct pressure increase is observed
near the midpoint of the exhaust manifold (around 0 m); for all the models, there is a brief increase in
pressure followed by a decline. This localized pressure increase suggests a potential point where the
flow converges or where it faces resistance within the manifold. This pattern is consistently observed
across all models. While there are minor discrepancies, the pressure curves for all models closely
align, indicating reliable predictions of the pressure distribution.
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Figure 10. Pressure drops from the inlet of the manifold.

3.6.4. Turbulent Kinetic Energy Comparison

The diagram shown in Figure 11 represents the evolution of turbulent kinetic energy (TKE)
along the length of the exhaust manifold for various turbulence models, progressing from the inlet to

the outlet.
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Figure 11. Turbulent kinetic energy comparison.

Among the simulations, it is noteworthy that both the turbulence models of transition SST
and k-w exhibit distinctive behavior, showcasing the maximum TKE in the range [8-12] m2.s2,
suggesting its contribution to heightened turbulence levels, particularly in the latter part of the
manifold. In contrast, the k-kl-w, Reynolds stress, and RNG k-epsilon models display lower TKE
values, generally ranging between 0 and 4 m?/s?, suggesting a more subdued turbulence prediction.
The higher TKE values observed in the k-omega and transition SST models can be attributed to
their advanced turbulence modeling approaches, which are designed to capture the complexities of
transitional and turbulent flows more accurately. These models include additional mechanisms to
account for turbulent energy transfer and dissipation, leading to higher predicted TKE levels. One
possible explanation for the notably more significant turbulent kinetic energy (TKE) that is predicted
by the transition SST is that it employs a hybrid approach that combines elements of the k-w and k-¢
turbulence models. This combination allows for a more comprehensive representation of turbulence
phenomena, particularly in transitional flow regimes, which may enhance TKE predictions.

3.6.5. Discussion

The following table summarizes the results of a comparative analysis of the various turbulence
models employed in simulating fluid flow within an exhaust manifold. The parameters examined
included velocity (ms—2), temperature (K), pressure (Pa), and TKE (m2s~2).

In Table 4, we have presented a consistent synthesis of our simulation results for the five tur-
bulence models. Each turbulence model depicts variations in these parameters across the manifold
(y-axis position). The k-kl-w model predicts the highest maximum velocity at 64.599 m/s, suggesting
that using the length scale variable of this turbulence model helps to handle transitional flows more
efficiently, reflected in the wider velocity range. Conversely, we found that the Reynolds stress and
k-w turbulence models give the lowest maximum velocity at 62 m/s, reflecting their detailed and
conservative approaches to turbulence modeling. Temperature projections are consistent among the
exhaust manifold, with all models showing maximum temperatures of around 810 K and slight varia-
tions in minimum temperatures, indicating accurate thermal behavior capture. Pressure predictions
show minor differences, with the k-kl-w model predicting a slightly lower minimum pressure and the
k-omega STD model predicting the highest maximum pressure. The most significant differences are
observed in the TKE values, with the k-omega STD and SST transition models predicting significantly
higher TKE, indicating heightened turbulence levels, particularly in the latter part of the manifold.
These insights are crucial for optimizing exhaust manifold design to ensure efficient exhaust flow,
minimize pressure losses, and accurately predict the thermal and flow dynamics within the system.
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Table 4. Turbulence model comparison.

Velocity Temperature Pressure TKE

(ms—2) (K) (Pa) (m?s—2)

Min 20.201 797.38 1.000 x 10° 1.479

K-e Max 63.188 810.00 1.021 x 10° 2.850

K- STD Min 20.559 799.03 1.000 x 10° 4.586
Max 62.569 810.00 1.022 x 10° 11.680

Min 20.834 799.34 9.996 x 10* 0.125

keld-w Max 64.599 810.07 1.022 x 10° 2.975

SST Min 20.212 799.44 1.000 x 10° 2.275
transition Max 62.893 810.00 1.021 x 10° 7.847
Reynold’s Min 19.993 799.80 1.000 x 10° 1.229
stress Max 63.081 810.00 1.021 x 10° 2.662

References

4. Conclusions and Perspective

A transient CFD analysis of an exhaust manifold was performed using five different turbulence
models. The objective was to compare and analyze the performance of these models in predicting
key flow parameters to identify the most accurate models for capturing flow characteristics.

Mesh independency, temporal discretization, and the characteristics of different turbulence
models were systematically evaluated. After determining optimal simulation parameters, the models
were compared under consistent conditions to ensure a fair result.

The k-kl-w model gave the highest maximum velocity and exhibited the widest temperature
range, underlining its advanced capability to capture transitional flow effects using the length scale
variable, which enhances its ability to handle the flows with the manifold, considering the curvature
of the inlets. The k-w STD and SST transition models presented notably higher TKE values, denoting
their advanced capabilities in modeling complex turbulent and transitional flows. These models
regularly predicted heightened turbulence levels, particularly in the latter part of the manifold.
Conversely, the Reynolds stress and RNG k-epsilon models displayed lower TKE values, suggesting
a more subdued turbulence prediction. Despite these differences, all models exhibited similar trends
in pressure drop, with a noticeable increase near the midpoint of the manifold, suggesting a common
point of flow convergence or resistance.

Comparing simulation results to experimental data is essential for thoroughly assessing their
veracity. This will serve as a benchmark for testing the precision and reliability of each turbulence
model when analyzing the complexities of fluid flow within the exhaust manifold.
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