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Why mixing in manholes?

• CSO overflows in the news
• Water Framework Directive

• Sewer network water quality models
are known to be poor - are we modelling 
them as well as we can?
• Commercial models assume complete 

instantaneous mixing (well mixed) in 
manholes!
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2005-2011

Manholes become surcharged 
in combined sewer networks – 

how do they behave?

Dye tracing reveals odd 
behaviour with surcharge 

depth, a “threshold”

Early 90s 1992-2008

ADE and ADZ models don’t 
describe observations, a 
dimensionless RTD does

That prediction is 
… poor !!!!

What about a unit 
hydrograph type 

approach?

A brief history



2020-2022

How can we best find the RTD? 
CRTD shapes linked to manhole 

characteristics

Narrow diameter manholes 
don’t mix, jet theory suggested 

to explain this behaviour

2010-2014 2008-2017

Compartmental modelling 
predicts RTDs and mixing in 

arbitrary manhole geometries

A brief history continued
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• The Residence Time Distribution (RTD) is a highly flexible model that describes the travel 
time and mixing characteristics of a system, predicting downstream concentrations, and 
can be obtained experimentally using deconvolution
• The Cumulative Residence Time Distribution (CRTD) can be easily visually interpreted
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Mixing in a high-surcharge manhole

Short-circuiting behaviour is observed 
where most of the material passes 
directly through the manhole

Not well mixed!!!

Flow



Mixing in surcharged manholes
• Threshold concept
• Short-circuiting

• Explained (mostly) by jet theory

Jet expansion zone/

vs well-mixed



Compartmental “jet mixing” model
• Divide manhole volume up into zones according to jet theory
• Zone volumes from basic geometry - cones, cylinders, etc.

• Exchange between zones is calculated from jet theory and continuity



Experimental data for validation
• 5,000 rhodamine dye traces in 

model manholes carried out 
across 4 PhDs in the labs
• Turner Series 10 fluorometers

• Unbenched
• 218, 388, 500, 600, 800 mm 

diameter manholes
• Dm/Dp = 4.4, 5.7, 6.8, 9.1
• Stepped outlet 0.5, 1.0, 1.5, 2.0Dp

• 30, 60, 90° outlet angles

• Dataset available online, including 
deconvolved RTDs/CRTDs



Experimental vs model-predicted CRTDs
Straight-through Dm/Dp = 4.4



Experimental vs model-predicted CRTDs
Straight-through Dm/Dp = 9.1



Experimental vs model-predicted CRTDs
Stepped B/Dp = 1.5



Experimental vs model-predicted CRTDs
90° angled



Comparison with well-mixed model
Straight-through Stepped Angled



Jet mixing
model 
predictions

Experimental:
New compartmental model:

Well-mixed exponential CRTD:
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Mean Rt
2

Well-mixed exponential 
CRTD

BT AT

0.806 0.714

New compartmental 
model

BT AT

0.927 0.925
Experimental:

New compartmental model:
Well-mixed exponential CRTD:
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What about benched manholes?

• Master’s project collected 
concentration data from a 
model benched manhole
• Varying flow rate & surcharge
• Rhodamine WT dye injections 

recorded with Cyclops-7 
fluorometers

• Modelled with the 
compartmental jet mixing 
model, taking into account 
benching

Flow



Deconvolved CRTDs

• Observed mixing in 
benched manholes is 
not instantaneous

• More Gaussian, 
suggesting jet core 
zone is pipe like?

• Clear need for 
improved modelling

• Jet zones appear to 
be constrained by 
benching

• Half of jet core acts
as a pipe

Jet core zone Jet diffusion zone Outer mixing zone

Low 
surcharge

High 
surcharge

High vs low surcharge

Well mixed assumptionPipe flowHigh surchargeLow surcharge



Compartmental model predictions

• Very good predictions for all 66 
traces:
• Mean Rt

2 = 0.965
• Standard deviation Rt

2 = 0.034
• Rt

2 peak aligned, some small issue 
with estimating first arrival time

• All instantaneous mixing 
predictions had Rt

2 < 0, 
completely under-estimating 
peak concentrations

!!!



Summary
• Instantaneous complete mixing throughout the 

manhole volume is a poor description of benched and 
high-surcharge manholes
• The jet mixing compartmental model predicts CRTDs 

consistent with experimental results
• Under-estimates short-circuiting in some conditions, likely due 

to not accounting for more complex hydrodynamics
• Successfully predicts downstream concentrations, 

higher and more realistically than the well-mixed 
model, particularly for the common Dm/Dp < 4.4 
manholes and benched manholes
• Completely analytical, requires no assumptions, and is 

suitable for practical applications
• What about pipes?

Experimental:
New compartmental model:

Well-mixed exponential CRTD:
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Thank you for listening!
…and thanks to

Prof Ian Guymer, Prof Virginia Stovin, Dr Ole Mark
Dr Robert O'Brien, Dr Peter Dennis, Dr Chanwit Saiyudthong,

Dr Shing-Tak Douglas Lau, Mr Angus C L Wong

Guymer, I., & O'Brien, R. (2000). Longitudinal dispersion due to surcharged 
manhole. Journal of Hydraulic Engineering, 126(2), 137-149.

Guymer, I., Dennis, P., O’Brien, R., & Saiyudthong, C. (2005). Diameter and 
surcharge effects on solute transport across surcharged manholes. Journal of 
Hydraulic Engineering, 131(4), 312-321.

Guymer, I., & Stovin, V. R. (2011). One-dimensional mixing model for surcharged 
manholes. Journal of Hydraulic Engineering, 137(10), 1160-1172.

Stovin, V., Bennett, P., & Guymer, I. (2013). Absence of a hydraulic threshold in 
small-diameter surcharged manholes. Journal of Hydraulic Engineering, 139(9), 
984-994.

Sonnenwald, F., Stovin, V., & Guymer, I. (2014). Configuring maximum entropy 
deconvolution for the identification of residence time distributions in solute 
transport applications. Journal of Hydrologic Engineering, 19(7), 1413-1421.

Sonnenwald, F., Mark, O., Stovin, V., & Guymer, I. (2021). Predicting 
manhole mixing using a compartmental model. Journal of Hydraulic 
Engineering, 147(12), 04021046.

Guymer, I., Stovin, V., O’Brien, R., Dennis, P., Saiyudthong, C.S.-T., Lau, D., 
& Sonnenwald, F. (2020). University of Sheffield experimental manhole 
traces and CRTDs (Version V1) [Data set]. University of Sheffield, 
Sheffield, UK.

Sonnenwald, F., Mark, O., Stovin, V., & Guymer, I. (2021). Code for a 
compartmental model for describing mixing in manholes (Version V1) 
[Data set]. University of Sheffield, Sheffield, UK.

Sonnenwald, F., Wong, A.C.L., and Guymer, I. (2022, September 7-9). 
Predicting Mixing in Benched Surcharged Manholes [Conference 
presentation extended abstract]. 7th IAHR European Congress, Athens, 
Greece.

References


