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Motivation & 
Gap

Lymph nodes (LNs):

Coordinate immune surveillance and lymph 
transport

Encounter difficulty measuring node-scale 
hydraulics and solute residence times in vivo

Provide an integrated, validated model linking 
free-flow sinuses, porous parenchyma, and 
tissue mechanics to solute dynamics



Objectives

Develop 2D axisymmetric COMSOL model of a single lymph 
node

Couple Stokes (sinuses), Darcy/Brinkman (parenchyma), 
and linear Biot poroelasticity (tissue)

Simulate passive solute advection–diffusion and compute 
residence-time distribution (RTD)

Calibrate medullary permeability and validate transnodal
pressure drop (Δp ≈ 1 mmHg)



Model 
Overview —
Physics & 
Interfaces 
(COMSOL)

• Solve incompressible laminar flow in the Stokes limit at low Re

• Apply no-slip on capsule and ducts; set outlet static pressure

Free-flow sinuses & ducts

• Solve Darcy/Brinkman with superficial velocity formulation

• Enforce continuity of pressure and normal flux at sinus–core 
interfaces

Parenchyma

• Couple pore pressure and solid displacement via linear Biot
poroelasticity

• Use Darcy flux equal to the superficial velocity in the porous region

Tissue

• Advect and diffuse a passive tracer in free and porous media

• Accumulate by void fraction 𝜀with 𝜀 = 1in free flow and 𝜀 = 𝜙in 
porous media

Species

• Couple Free and Porous Media Flow for momentum transfer across 
interfaces

• Couple Poroelasticity for tissue–fluid interaction

Multiphysics couplings



Geometry & Domains (2D Axisymmetric)

Figure 1. 2D axisymmetric lymph-node geometry and domains. The subcapsular sinus (SCS) and medullary sinuses are modeled as free-flow 
regions; the central parenchymal core is porous; short afferent and efferent ducts are included. The left vertical line is the symmetry axis 𝑟 = 0.
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Governing Equations

• Enforce continuity ∇ ∙ 𝐮 = 0

• Solve 𝜌
𝜕𝐮

𝜕𝑡
+ 𝐮 ∙ ∇𝐮 = −∇𝑝 + 𝜇∇2𝐮 (Stokes limit at low Re)

Free flow (sinuses/ducts)

• Apply Darcy Law 𝐮 = −
𝜅

𝜇
(∇𝑝 − 𝜌𝐠)

• Solve −∇𝑝 + 𝜇∇2𝐮 −
𝜇

𝜅
𝐮 + 𝑝𝐠 = 0 (Brinkman)

Porous

• Use linear Biot with effective stress σ′, Biot coefficient α, specific storage S

• Solve ∇ ∙ 𝛔′ − 𝛼∇𝑝 + 𝜌𝑠𝐛 = 0

• Solve 𝑆
𝜕𝑝

𝜕𝑡
+ 𝛼

𝜕

𝜕𝑡
∇ ∙ 𝐮𝑠 + ∇ ∙ 𝐮 = 0

Poroelastic

• Solve 
𝜕(𝜀𝑐)

𝜕𝑡
+ ∇ ∙ 𝐮𝑐 = ∇ ∙ 𝜀𝐷𝑒𝑓𝑓∇𝑐 + 𝑅(𝑐), with ε=1 (free flow), ε=ϕ (porous media).

Transport

SYMBOL QUANTITY

𝐮 Velocity

𝑝 Pressure

𝜇 Viscosity

𝜌 Density

𝜅 Permeability 

𝐠 Gravity 

𝛔′ Effective stress

𝛼 Biot coefficient

𝑆 Specific storage

𝐮𝑠 Solid displacement

𝜀 Void fraction

𝜙 Porosity

𝐷𝑒𝑓𝑓 Effective diffusivity

𝑅(𝑐) Reaction term



Boundary & Initial Conditions

Inlet

• Apply Qin = 0.01 
mL·h⁻¹ 
(2.78×10⁻¹² 
m³·s⁻¹) over 
afferent 
windows

• Single-inlet 
geometry 
𝑄in,tot = 𝑄in

Walls & Outlet

• Set internal 
walls to no-slip

• Set outlet static 
pressure 𝑝𝑜𝑢𝑡 =
466.6𝑃𝑎 ≈
3.5𝑚𝑚𝐻𝑔

Transport (RTD)

• Impose 10 s 
top-hat tracer 
pulse at inlet

• Treat walls as 
no-flux; use 
convective-flux 
outlet

Initialisation

• Use stationary 
hydraulic 
solution to seed 
transient 
transport



Mesh & 
Numerical 
Verification

Mesh construction

• Use unstructured triangles with boundary-layer (BL) rows 
along capsule/SCS and ducts

• Grade elements across sinus–parenchyma interfaces 
(growth ≤ 1.1; ≥ 3 BL rows)

Mesh set

• Generate meshes M1–M3 with progressive refinement

Verification metrics

• Track Δp, 𝑄out, shunting fraction, and mean RTD across M1–
M3

Mesh independence

• Declare independent: Δp < 1%, 𝑄out < 0.1%, shunting < 0.5 
percentage points, mean RTD < 2% from M2 to M3



Methods — RTD Protocol
• 𝑆 𝑡 = 𝑐𝑜𝑢𝑡(𝑡)𝑄𝑜𝑢𝑡(𝑡) [effluent signal]

• 𝐸 𝑡 =
𝑆(𝑡)

𝑀𝑖𝑛
, with 𝑀𝑖𝑛 = 𝑐𝑖𝑛׬ 𝑡 𝑄𝑖𝑛 𝑡 𝑑𝑡

• Check mass recovery 0׬
∞
𝐸 𝑡 𝑑𝑡 ≈ 1

o 𝐹 𝑡 = 0׬
𝑡
𝐸 𝜏 𝑑𝜏 (cumulative)

o ҧ𝑡 = 0׬
∞
𝑡𝐸 𝑡 𝑑𝑡 (mean residence time)

✓ Integrate geometry, permeability, and flow partitioning into a single observable via 𝐸(𝑡), 𝐹(𝑡), and ҧ𝑡

✓ Calibrate porous parameters and validate targets (e.g., Δ𝑝)
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Calibration & Validation Targets

Calibrate transnodal
pressure drop Δp ≈ 1 
mmHg under 
physiologic inflow

1

Confirm dominant 
peripheral shunting 
through SCS/medullary 
pathway (>90%)

2

Check subcapsular 
sinus velocities and 
capsule wall shear 
stress fall within 
plausible ranges

3



Results — Pressure Field & Δp

Figure 2. Pressure field and transnodal drop. Contours of static pressure 𝑝(Pa) in the 2D axisymmetric model; 𝑝in ≈ 600.5 Pa, 
𝑝out = 466.6 Pa. The transnodal pressure drop is Δ𝑝 ≈ 133.8 Pa(≈ 1.00mmHg); mass balance holds (𝑄in = 𝑄out).
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Results — Flow Partition (Peripheral Shunting)

Report peripheral routing fraction ≈99.9% via 
SCS/medullary sinuses

Observe minor core perfusion, consistent 
with mouse LN models (~90% peripheral)

Infer geometry and permeability dominate 
routing at ~mmHg transnodal drops



Results — SCS Velocity & Capsule Shear

Figure 3. SCS centreline velocity vs. arc length (mm·min⁻¹). Arc length 𝑠 was measured 
along the capsule/SCS midline from the afferent entry (𝑠=0) toward the hilum; the 

centreline was sampled at the SCS mid-thickness.

Figure 4. Capsule/SCS wall shear stress vs. arc length (Pa; ceiling & floor)



Results —
Interstitial 
(Parenchymal) 
Pressure

Report mean parenchymal 
(porous) pressure ≈ 562 Pa 
(≈ 4.22 mmHg)

Map spatial range ≈ 3.50–
4.46 mmHg, consistent with 
outlet = 3.50 mmHg and Δp ≈ 
1 mmHg

Align with in vivo absolute 
scales reported for murine 
LNs



Results —
Species 
Transport (T, B, 
Other)

Figure 5. Species concentration 
fields with total-flux streamlines at 
60 s (left) and 600 s (right). Top: T-
cells; middle: B-cells; bottom: Other 
Leukocytes. 



Results – Species Transport (T-cells, B-
cells, Other Leukocytes)

Figure 6. Volume-averaged concentration ҧ𝑐 𝑡 over the whole node (free + porous) for three species with distinct 
𝐷eff. Inlet top-hat pulse at 𝑡 = 0 for 10 s; curves show ҧ𝑐 𝑡 for T-cells, B-cells, and Other Leukocytes over 0–20 mins. 



Results – RTD (E(t) & F(t))

Residence-time distribution from the outlet signal. 

Figure 7. 𝐸 𝑡 = 𝐶out 𝑡 𝑄out 𝑡 /𝑀inwith ׬
0

∞
𝐸 𝑡 𝑑𝑡 ≈ 1 ;mean residence time 𝜏 ≈ 3.98 h. 

Figure 8. Cumulative 𝐹 𝑡 = ׬
0

𝑡
𝐸 𝜏 𝑑𝜏(dimensionless).

.
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Limitations

Restrict to 2D 
axisymmetry; omit 
valves, pulsatility, 
and explicit 
microvascular 
exchange

01
Initialize transient 
transport from 
steady hydraulics, 
which can accentuate 
peripheral shunting

02
Extend to 3D 
geometry, pulsatile 
inflow and valves, 
explicit blood–lymph 
exchange, and spatial 
heterogeneity

03



Conclusions & Outlook

Match transnodal
pressure drop Δp ≈ 1 

mmHg and near-unity 
peripheral routing

Provide quantitative 
metrics

Δp, wall shear stress, 
interstitial pressure 𝑝, 
shunting fraction, RTD

Enable mechanistic 
extensions

chemokines/cell 
transport, heterogeneity, 

3D geometry, valves



Appendix –
Table 1 (Model 
Inputs)
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