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What is RTD?
• Continuous stirred tanks are used ubiquitously in the chemical

process industry for mixing, reactions, and crystallizations.
The mixing in a continuous stirred tank is often not ideal. The
residence time distribution (RTD) is one of the ways to
characterize the non ideal mixing in the tank.

• RTD (Residence Time Distribution) is an analysis of mixing
characteristics in a mixing vessel

• Residence time distribution (RTD) analysis by radiotracer
derives important information from process unit/vessel, such
as flow pattern, back mixing, bypassing. A sharp pulse of a
suitable radioactive tracer is injected into the inlet of a
process unit. The response curve from the outlet detector is
known as the residence time distribution (RTD) function. This
RTD function provides rich information about the process
stream dynamics.



Theory of RTD
• The residence time distribution (RTD) is a characteristic

function of continuous process systems and provides
information on malfunction(s) if any and flow pattern i.e
degree of mixing. The RTD is defined as a normalised
response of the system to an ideal impulse injection of
stimulant in the form of δ-Dirac distribution. If an ideal
impulse of tracer is injected at the inlet of the system at time
t=0 and its concentration is measured as a function of time
at the outlet, then E(t)dt represents the fraction of the
tracer having residence time between time interval (t, t+dt)
or as otherwise stated the probability for a tracer element to
have a residence time between interval (t, t+dt).



Theory of RTD

Such that:

where, i= 1,2…..n, Ci(t): tracer concentration and Ei(t): residence time
distribution function.

RTD is the exit age distribution of tracer leaving a vessel. The residence time
is the total time spent by the tracer within the vessel. The RTD for process
equipment is typically measured using stimulus-response tracer experiments
to detect design flaws such as bypass, channeling, and dead zones, in
addition to characterizing a reactor’s mean residence time and standard
deviation.

The RTD is obtained from these experimental data by normalization in the 
typical manner:

where C(t) represents the concentration (or temperature) trace



Theory of RTD

Principle of RTD Tracing Method



What is CFD?
• Computational Fluid Dynamics (CFD) is a highly sophisticated

computer numerical method for modeling and simulating
fluid flow/dynamics and chemical process taking place in a
system. CFD has many diverse applications such as in HVAC,
automotive, aeronautics, aerospace, power generation, oil
and gas, electronics, petrochemical, process industries etc.

• CFD can provide a complete 3-D view of fluid flow field in a
system under investigation. It provides important parameters
such as the velocity, temperature and pressure of the flow
field



Why Use CFD?
• CFD method provides detailed spatial distribution of flow fields. CFD uses

advanced computer software to model the flow of fluids in a process
vessel.

• Because of CFD capability in predicting the complete velocity distribution
in a vessel, it provides an alternative, indeed, perhaps simpler means of
determining the RTD, apart from the tracer experimental method. CFD can
very well provide process insight in industrial vessels and process units to
improve and optimize their design and efficiency.

• The CFD is normally used as a complementary tool to the RTD
experimental approach. The RTD experimental approach detects and
characterizes main features of the flow (mixing and recirculation) while
CFD enables to locate them. The current trend is to combine experimental
and numerical simulation approaches in order to obtain reliable
quantitative results for industrial complex processes analysis.

• CFD calculation can sometimes provide qualitative results only, especially
in systems with strong interaction of hydrodynamics with physico-
chemical reactions. This is the main reason why CFD models have to be
verified and validated by experimental tracer RTD results.



CFD Approaches for RTD prediction in 
Process Vessel

• For the CFD work, there are multiple approaches for
predicting residence time distribution. In one approach, the
tracer fluid is represented by a large number of discrete
particles and Lagrangian particle tracking analysis is done with
the discrete phase model (DPM). A histogram of time at the
outlet is the residence time distribution. One drawback of this
method, however, is that a large number of particles are
required to ensure proper statistics. Alternatively, the tracer
fluid can be treated as a continuum by solving a transport
equation for the tracer species.

• The tracer fluid can be treated as a continuum by solving a
transport equation for the tracer species. Two common
methods for solving the tracer species are: species transport
model and user defined scalar (UDS) transport model



RTD Calculation Using Species 
Transport Model

• In this approach, the tracer will be modeled as a species. If
the properties of tracer and the background fluid are
identical, the concentration of the tracer will not have any
significant effect on the flow field. The fluid flow (e.g
momentum equations, and turbulence model, if applicable)
and species equations will be solved sequentially. The fluid
flow equations are first solved using a steady state approach.
Next, the species is solved as an unsteady simulation using
the computed fluid flow solution. The area-weighted
averaged concentration of the tracer at the outlet (or any
marked position) is monitored with time to obtain the RTD.

• There are two commonly used approaches for calculating the
residence time in species transport model are the pulse and
step method.



Species Transport Model-Pulse Method
• In this approach, the tracer is injected from the inlet at t=0 . In the CFD

simulation, the species concentration at the inlet will be increased to
C=Cmax for first time step and then be reset to zero for the second and
subsequent time steps.

• A plot of tracer concentration vs time at the outlet will provide the
residence time distribution.The variation of concentration vs time at the
outlet will follow a C curve shape.

Variation of tracer concentration at the 
outlet with respect to time for the pulse 
mode

• The mean residence time can be
calculated as:



Species Transport Model-Step Method
• In this approach, the species concentration will be set to

C=Cmax at time t=0 and maintain at this level over
subsequent time steps. The species concentration at the
outlet will be monitored as a function of time. The variation of
concentration-time will follow an F curve shape.
Mathematically, mean residence time can be expressed as:

Variation of tracer concentration at the outlet with 
respect to time for the step method



RTD Calculation Using UDS 
Transport Model

• In this approach, a user define scalar (UDS) equation will be
used in place of the species equation to model the tracer flow.

• A single-species flow field was first obtained using the k-ε
turbulence model. A passive tracer was then introduced with
a step change in its concentration in the feed. The tracer was
modeled using a user-defined scalar transport equation. The
surface-area averaged tracer concentration was monitored as
a function of time at the out-let. The results provided the exit
age distribution of the tracer in the reactor, and therefore,
represent the RTD.



CFD Technique for RTD Prediction

Fluent/CFD Simulation of a baffled stirred tank operating
with a Rushton turbine

Comparison of experimental and calculated residence
time distribution function E(t) for a CSTR with operating
conditions of 200 rpm and 40ml/min



CONCLUSIONS
• Due to the development of new CFD models currently for

research and industrial applications, further CFD model
refinement and validation would enable reliable and
accurate CFD results, which would result in reliable CFD–
Experimental integration for analyzing complex processes in
a process vessel. By working closely with CFD modeling, the
radiotracer technique could be advanced using
comprehensive CFD interpretation or visualization to
enhance the quality of experimental data.

• The use of CFD would need to be explored further as CFD
can be employed as a very valuable predictive method for
the purpose of analysing the performance of current
process unit and also for designing new process unit.

• The development of reliable CFD models would also reduce
the need for expensive large-scale test facilities.
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