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ditions and actuation force, and the nasal geometry, 
which is known to be highly variable [2, 6-13].
Knowledge of drug delivery performance of nasal 
spray pumps under variable usage conditions is 
important to facilitate device design improvements 
and to develop new administration protocols that 
can enhance posterior delivery efficiency and drug 
targeting. Furthermore, quantifying the delivered 
dose and its variability under different usage condi-
tions may be important for assisting in the develop-
ment of generic products and, in the future, could 
also be used in the evaluation of those generic prod-
ucts for bioequivalence. Considering nasal spray test-
ing, in vitro methods and experimental visualization 
techniques are available to characterize the spray and/
or approximate regional nasal deposition [14, 15]. At 
the same time, in silico studies of spray droplet trans-
port and deposition in nasal airway models using 
computational fluid dynamics (CFD) simulations 
can provide detailed and sometimes enhanced infor-
mation on device performance and nasal deposition 
[16, 17]. Additionally, CFD simulations validated 
with in vitro experimental measurements can be used 
as a research tool to analyze the effect of product and 
usage variability while limiting time and cost asso-
ciated with extensive in vitro testing and/or in vivo 
human subject testing [5, 10, 12, 18].

Computational fluid dynamics (CFD)
CFD is a computational modeling technique widely 
used to develop, test and improve engineering sys-

Introduction
Nasal spray pumps are a common device choice to 
administer locally acting drugs for the treatment of 
allergic rhinitis, sinusitis and nasal polyposis. Deliv-
ering nasally-targeted pharmaceutical formulations 
using spray pumps has many advantages compared 
with oral administration including fast onset of action 
and avoidance of first-pass metabolism. There is also 
increasing interest in the use of nasal sprays to deliver 
vaccines, drugs requiring rapid absorption into the 
systemic circulation, or drugs intended for the central 
nervous system. Most nasal spray pumps are hand- 
actuated, which forces the formulation through a 
spray nozzle and results in atomization of the liquid. 
These spray products are intended to deliver drugs 
and other therapeutics primarily to the posterior nasal 
region (which resides behind the anterior nose and 
nasal valve) while limiting drug penetration into the 
lungs. Therefore, nasal spray products are designed 
to produce relatively large droplets (20-200 µm) that 
enter the nose with relatively high velocity [1-3]. Due 
to the large spray droplet size and high spray velocity, 
these droplets carry significant momentum that can 
result in enhanced momentum exchange with the 
gas phase in the droplet-dense region surrounding 
the spray nozzle [1, 4]. As a result, a cloud motion 
effect is generated, which remains one of the more 
challenging problems of multiphase flow physics 
[5]. The delivery efficiency of nasal spray products to 
the posterior nasal region depends on many factors 
including device design, drug formulation proper-
ties, patient-related factors such as inhalation con-
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an inhaler system produces a more highly concen-
trated region of aerosol in comparison to the net flow 
through the region, then the region can be consid-
ered a dense flow-particle system [21]. In these sys-
tems, both the effects of flow on discrete elements as 
well as the effects of the particles or droplets on the 
flow govern the aerosol transport. Therefore, a “two-
way” coupled modeling approach is better suited to 
simulate flow in these regions [16, 33]. In addition to 
the drag and gravitational force acting on the aerosol 
during its transport, collision, breakup, coalescence, 
agglomeration, deagglomeration and turbulent dis-
persion forces may also have an influence [16]. Such 
sub-models may need to be incorporated when 
applicable, depending on the physics of the real sys-
tem. For highly accurate simulations of dense mul-
tiphase flows, depending on the complexity of the 
physics involved, advanced computational model-
ing approaches such as spray-wall interaction mod-
els, dense discrete phase models, population balance 
equation models, discrete element method models 
and smoothed particle hydrodynamics models may 
be incorporated into the underlying computational 
simulation of the flow field, but will significantly 
increase model complexity and required computa-
tional power [1, 20].
While CFD modeling has many advantages, sim-
ulation of the inhaler drug delivery systems and 
aerosol transport in respiratory airways is highly 
complex due to the underlying physics that must be 
captured [21]. Therefore, setting up the model and 
running the simulation requires an understanding 
of the physics involved and numerical algorithms 
required to capture such phenomena [16]. There are 
a number of commercial and open-source software 
packages available that can solve the CFD governing 
equations. Considering that highly complex CFD 
models require many sub-model assumptions, ver-
ification of the numerical implementation and vali-
dation of the model setup with experimental results 
are critical steps in developing an effective and sci-
entifically accurate CFD model. The computational 
modeling aspects of nasal sprays and aerosol drop-
let deposition in human nasal cavities using CFD, 
including two-way coupling effects, has recently 
been developed and validated [1, 4, 5]. The follow-
ing sections of this article illustrate some recom-
mended modeling practices that could be followed 
in setting up and running CFD simulations of nasal 
spray transport and deposition in the nasal airways. 
Finally, two case studies are provided to illustrate 
how CFD simulations can potentially be applied 
for sensitivity/bioequivalence analysis and for design 
optimization of nasal spray products.

tems that include fluid motion [19]. The fluid flow 
inside an engineering system, which may include 
complex flow characteristics such as turbulence, com-
pressibility, heat transfer and multiphase regimes, 
is determined by solving general governing trans-
port equations based on first principles [16]. The 
use of general governing transport equations makes 
CFD a versatile research tool with wide portability 
and usability in many different fields. Of late, CFD 
has seen increased interest in the field of biomedi-
cal engineering, especially for applications related to 
drug delivery [16, 20]. In the area of respiratory drug 
delivery, airflow fields, aerosol transport and depo-
sition and even aerosol formation are simulated in 
realistic three- dimensional (3-D) models of inhal-
ers and respiratory tracts using CFD [21]. Recently, 
there have been a number of advancements in CFD 
modeling that have enabled the simulation of com-
plex respiratory drug delivery physics [16, 22-24]. 
Application of CFD in respiratory drug delivery 
has resulted in a number of new inhaler devices and 
designs [25-28]. Furthermore, CFD has been used as 
a dosimetric tool to quantify delivered dose to specific 
respiratory tract regions and for providing an under-
standing of aerosol deposition mechanics [29-32].
Pharmaceutical inhaler systems produce millions 
of multicomponent droplets or particles during the 
delivery of drug formulations, regardless of whether 
the formulation is liquid or solid, or changes phase 
[21]. These discrete elements emitted from aerosol 
generation devices can also be accompanied with jets 
or spray momentum arising from the process of aero-
sol formation and flow through the device. An Euler- 
Lagrange modeling framework has been shown to be 
suitable for modeling such aerosol transport systems 
in many cases of respiratory drug delivery [1]. In the 
Euler-Lagrange framework, the fluid-carrier phase 
is considered as a continuum and solved using an 
Eulerian framework of governing equations, while 
the particles/droplets are solved as Lagrangian points 
inside the carrier phase [16, 33]. Instead of modeling 
all of the millions of individual particles or droplets 
in a spray system, a parcel-based model is a prefera-
ble approach for pharmaceutical aerosol simulations. 
In the parcel-based approach, each parcel is a repre-
sentative fraction of the total droplets/particles gen-
erated by the device and the trajectory of a parcel is 
determined by tracking a droplet in the parcel with 
the specified diameter and mass flow rate.
Within inhaler systems, regions that have relatively 
low concentrations of particles/droplets compared 
to the net flow through the region can be consid-
ered as having dilute particle physics [21]. In parti-
cle dilute regions, effects of the flow on the discrete 
elements primarily govern the aerosol transport and 
reverse effects are negligible. Therefore, a “one-way” 
coupled modeling approach is better suited to simu-
late the aerosol transport in such regions [16]. When 
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wall y+ is a non-dimensional distance parameter that 
is controlled for accurate modeling of near-wall tur-
bulence characteristics in wall-bounded flows).

Setting up a CFD nasal spray simulation
Nasal sprays have a characteristic spatio-temporal 
variation from a dense spray droplet regime adjacent 
to the spray nozzle to a dilute regime further away 
from the spray nozzle. Spray simulations reveal that 
spray droplets injected into the nasal airway cavity 
impart significant momentum to the fluid phase, 
which induces a cloud-based gas velocity and signif-
icant coupling between the phases (Figure 1). The 
cloud-based gas velocity as a whole imparts significant 
momentum on the smaller droplets and transports 
them further into the flow field, as fully captured in 
a two-way coupled simulation [1, 5]. Based on the 
validated nasal spray model, nasal spray transport 
with two-way coupled momentum exchange and 
the related impact on the dispersed phase transport 
is realistically captured by CFD simulations using an 
Euler-Lagrange framework [1, 5].
To simulate a nasal spray product, the CFD model 
requires initial and boundary conditions, and ideally 
benchmark validation data. CFD nasal spray models 
typically require input parameters such as polydisperse 
spray droplet size distribution, spray cone angle and 
plume shape, spray mass flow rate, spray velocity and 
formulation density. These metrics are typically first 
evaluated in an in vitro setting to characterize the nasal 
spray using bench-top experimental setups [14]. In a 
two-way coupled simulation, spray droplets must be 
injected with a predetermined mass flow rate so that 
the net mass of the liquid droplets injected is equal to 

Nasal spray modeling—best 
CFD modeling practices
Developing and meshing nasal 
airway geometries
A time-consuming but critical step in the process 
of building a CFD model is developing and mesh-
ing the geometries associated with the system. For 
nasal spray drug delivery simulations, the nasal air-
way geometries are typically extracted/reconstructed 
from computed tomography (CT) or magnetic res-
onance imaging (MRI) scans by specifying appro-
priate radio-density thresholds that can delineate 
the air-tissue boundary [34]. The extracted nasal air-
way geometries from scanned images are typically 
exported in stereolithographic (STL) format. These 
STL-formatted geometries may need further refin-
ing to remove surface irregularities from the recon-
struction process and to simplify the geometry, for 
example, by removing the sinus cavities at the narrow 
ostium inlets. It can be easier to work with a comput-
er-aided design (CAD) accessible geometry format 
since editing/trimming STL surfaces is usually cum-
bersome. The STL-formatted surfaces are typically 
refined and translated into common CAD formats 
by “skin-overlay” with reasonably large polygonal 
patches consisting of b-splined surfaces, conforming 
to the faceted surfaces. This step reduces thousands 
of STL triangles to approximately 100 CAD-format 
surfaces and makes it possible to perform CAD pro-
cessing with any third-party CAD software package 
[5, 28]. While the spray bottle geometry may not be 
an important factor for simulating the nasal spray 
dynamics, it is necessary to account for the presence 
of the spray pump inside the nasal geometry. This can 
be achieved by subtracting the volume occupied by 
the spray pump from the nasal airway volume. This 
step can realistically capture the partial occlusion of 
the nostril inlet by the spray pump and its effect on 
nasal inhalation airflow.
The CFD simulations resolve the flow field within 
millions of representative micro-to-millimeter scale 
discrete volumes (i.e., control volumes) inside the 
geometry and predict aerosol transport as the flow 
progresses through these volumes. In order to suc-
cessfully resolve flow within an airway geometry, a 
computational mesh (or grid) needs to be created 
with sufficiently small control volumes (or elements) 
in regions of high flow gradients to minimize com-
putational errors [21]. Accurate spray simulations 
in nasal airways have been shown to require ~2 mil-
lion polyhedral elements per nasal cavity, excluding 
the nasopharyngeal region, together with near-wall 
prism elements and a refined mesh in the vicinity 
of the spray nozzle tip. Additionally, to capture the 
near-wall flow dynamics, near-wall regions require 
approximately ~5 near-wall prism layer mesh ele-
ments with a first prism layer thickness resulting in 
an average wall y+ of approximately one [5] (where 

Figure 1

CFD nasal spray model with spray droplets 
injected from the spray nozzle orifice 

with a solid conical injection shape and a 
turbulent velocity profile. The momentum-

jet due to the momentum exchange from the 
spray droplets is shown in the sub-figure.
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assumption that the droplet deposition location is 
the initial point of wall contact.
For the nasal spray pump chosen for this study, 
the baseline spray metrics that are required for set-
ting up the initial and boundary conditions of the 
CFD model were measured using in-house in vitro 
spray experiments [14]. Mean values of the measure-
ments were used as the baseline case spray simulation 
parameters for the specific spray, which consisted of 
an average spray injection velocity = 14.4 m/s, aver-
age cone angle = 350, ovality ~1, shot weight = 56.3 
mg, formulation density = 960 kg/m3, spray duration 
= 50 ms and polydisperse droplet size distribution. To 
calculate the relative efficiency of nasal spray delivery 
to the intended site of action, which is the posterior 
nasal region, the nasal model was split into anterior 
and posterior regions based on the nasal valve loca-
tion [36]. To investigate the effects of changes in spray 
cone angle, simulations were conducted while vary-
ing the cone angle metric by ~30% from the base-
line value and simulated the spray deposition in the 
anterior and posterior nasal regions while holding all 
other parameters (including the insertion conditions) 
at baseline. A new relative deposition parameter, rel-
ative difference in the posterior delivery (RD_PD) 
with respect to the baseline case, was introduced to 
compare the sensitivity of drug delivery to change in a 
spray metric value (e.g., change in cone angle or spray 
velocity). The use of a relative parameter helped to 
avoid the need to simulate spray deposition for a large 
number of spray metric values while enabling extrap-
olation to wider ranges of spray metric values [6].

the shot weight of the spray. Furthermore, for captur-
ing an approximate spray droplet injection condition 
and near-nozzle spray momentum conditions, spray 
droplets can be injected from the nozzle orifice with a 
conical injection and a turbulent velocity profile with 
an average velocity matching the experimentally mea-
sured spray velocity at 3 cm from the spray tip, as 
shown in Figure 1 [1, 5]. This approach of incorpo-
rating the in vitro measured spray parameters is a time 
and resource efficient computational spray modeling 
framework that can accurately predict spray trans-
port in nasal airways and nasal deposition upon ini-
tial wall contact, while avoiding the need to simulate 
the highly complex spray atomization process [1, 5]. 
The CFD spray modeling framework can be further 
simplified by added assumptions on the quasi steady 
nature of the momentum exchange (“quasi two-way 
coupled” approach), while still maintaining reliability 
and accuracy [5]. Simulations may also be performed 
in conjunction with a nasal inhalation flow to study 
the influence of the subject’s inhalation on spray drop-
let transport [5]. Furthermore, in simplified CFD 
models of nasal spray droplet transport and depo-
sition, a deposit-on-touch boundary condition can 
be employed. However, depending on spray pump 
administration conditions and insertion angles, nasal 
sprays may interact with the nasal surface/mucus 
layer in a way that creates complex droplet-wall inter-
actions followed by significant liquid motion after 
initial wall contact [35]. In order to model these phe-
nomena, additional physics based sub-models need to 
be added to the CFD modeling framework [35].

Use of CFD for spray metric sensitivity 
analysis/bioequivalence evaluation
In vitro spray metrics, such as spray plume geomet-
rical features, are currently used to characterize nasal 
sprays. Most commercial nasal sprays are hand-actu-
ated; therefore, a change in spray usage conditions 
or any change in formulation characteristics and/
or actuation conditions could result in changes in 
spray metrics, which could lead to variability in the 
amount of drug delivered. Currently, there is only 
limited information on the sensitivity of nasal depo-
sition to changes in a specific spray metric. When 
comparing generic nasal inhalation drug products 
to reference listed product performance, it may be 
advantageous to know how variability in an in vitro 
test metric of a specific product impacts nasal delivery 
in comparison to the reference product. This section 
of the article illustrates the applicability of CFD sim-
ulations in determining the sensitivity of nasal spray 
drug delivery to a given spray metric. Specifically, the 
simulations show the effect of changes in cone angle 
on spray transport and its impact on posterior nasal 
deposition in a human nasal airway model [5]. The 
model estimates spray droplet deposition with the 

Figure 2

CFD simulation results showing the impact 
of spray cone angle on nasal delivery 
(image modified from Kolanjiyil, et al. 
[6] with permission from Respiratory 
Drug Delivery 2021, RDD Online).
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new devices with improved targeting. In this study, 
simulations show the effect of changes in spray noz-
zle design on the spray transport and its impact on 
drug deposition in the posterior nasal region. For 
nasal sprays, there is considerable delivery to the 
anterior part of the nasal cavity, which increases 
with spray cone angle and, consequently, the poste-
rior delivery decreases. Because the intended site of 
action for most nasal sprays is the posterior region, 
it would be beneficial to have maximum delivery 
to this region and also have a wider distribution of 
drug on the posterior nasal surface for maximum 
absorption. With the objective of optimizing nasal 
spray delivery and considering that plume geometry 
has a pronounced impact on nasal delivery, different 
spray nozzle designs that produce sprays with dif-
ferent plume ovality were tested using CFD. While 
CFD could be used to simulate different spray noz-
zle designs and their effect on liquid atomization and 
droplet formation, for brevity, this study focused on 
envisioned outcomes of nozzle designs by simulating 
droplets injected from the designed nozzle surface.
Two nozzle designs were considered that produced 
sprays with plume ovality ratios of either 1.0 or 1.5 
(Figure 3). Since the spray pump insertion axis with 
respect to the nasal valve was also found to affect the 
posterior nasal delivery, two pump insertion axes (the 
transverse and sagittal axes, shown in Figure 3) were 
considered in the study. Simulation results indicated 
that when the plume had the major axis in the trans-
verse direction with the plume width decreased in the 
sagittal direction, the posterior delivery was similar 
to the circular spray nozzle, but with reduced drug 

Figure 2 shows the locations of the deposited spray 
droplets for each spray cone angle. It was observed 
that with an increase in cone angle, the spray cover-
age increased and resulted in greater dispersed depo-
sition along the direction of the spray projection. The 
momentum-jet developed due to the momentum 
transfer from the spray droplets to the air molecules 
(two-way coupling) is also plotted  as sub-figure pan-
els. The results indicate that with an increase in cone 
angle, the anterior deposition increases, while the 
posterior deposition decreases. Figure 2 also shows 
the parameter RD_PD plotted against the relative 
change in cone angle with respect to the baseline 
case and captures the influence of variability in spray 
cone angle on posterior deposition. The gradient of 
the RD_PD trend line indicates that small changes in 
spray cone angle will influence the nasal drug delivery 
profile. This procedure could also be used to compare 
the delivery efficiency of a generic spray to a reference 
spray by comparing the slope of the RD_PD trend 
line. The trend line provides a way to map differences 
in the in vitro metric to differences in expected pos-
terior nasal drug delivery. For example, the generic 
sprayer may have a 30% relative difference in the 
spray cone angle compared with the reference listed 
product, which would result in a 30% x 0.73 = 21.9% 
relative difference in posterior nasal deposition.

Use of CFD for improving nasal spray 
designs and optimizing drug delivery
In addition to the use of CFD to assess existing and 
generic nasal spray products, CFD can also be used 
as a tool to optimize nasal spray delivery and develop 

Figure 3

Spray nozzle designs and the related impact on nasal drug delivery.  
Also shown is an oval nozzle design for improved posterior delivery.
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distribution on the nasal surface. However, when the 
plume had the major axis in the sagittal direction with 
the width decreased in the transverse direction, there 
was marked improvement in the drug delivery to the 
posterior region, while maintaining high drug distri-
bution on the nasal surface. Therefore, an oval spray 
nozzle with the major plume axis aligned with the 
sagittal axis provided improved delivery to the pos-
terior nasal region. To physically produce this device, 
a spray pump manufactured with an oval actuator 
body could ensure that spray pump insertion lines 
up with the nostril opening, while an oval spray noz-
zle orthogonal to the actuator body would ensure an 
oval spray plume with alignment in the sagittal axis 
direction (Figure 3).
The quantitative relationships identified here may be 
impacted by different insertion conditions includ-
ing depth and angle; however, it is expected that the 
qualitative trends identified will remain unchanged 
under normal use conditions. Further analysis using 
different nasal airway models with different insertion 
conditions are required to complement the findings 
of this study.

Conclusion
This article provides a short perspective on CFD 
simulations of nasal spray transport and use of CFD 
modeling to design nasal spray devices and analyze 
spray delivery performance. Overall, as illustrated 
in this article, in silico testing using CFD, guided 
with in vitro measurements, is a potentially valuable 
approach that can reduce the time and cost associ-
ated with evaluating nasal spray delivery performance 
under variable usage conditions in realistic nasal air-
way models.
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