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Abstract

Apache Airflow 3.0 introduces a Task-Execution API, richer event-driven scheduling, and a React-
based UI [1]. Concurrently, Kubernetes v1.31 adds graduated autoscaling, AppArmor/seccomp
hardening, and smarter bin-packing [2]. Pairing these releases yields a cloud-agnostic data platform
that elastically scales thousands of heterogeneous pipelines while meeting cost and compliance
mandates.
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L. INTRODUCTION

Since its first open-source release in 2015, Airflow adoption has surged from ~25,000 organizations in 2020
to more than 80,000 by 2025 [1]. Meanwhile, Kubernetes has become the ubiquitous control plane for
container workloads; version 1.31 alone delivered 45 enhancements across autoscaling, scheduling, and
security domains [2]. Airflow 3’s pluggable executors, deferrable operators, and Task-Execution API (TEI)
[3] integrate cleanly with these Kubernetes primitives, enabling highly elastic, multi-tenant data platforms.

II. WHY KUBERNETES FOR AIRFLOW?

REQUIREMENT AIRFLOW KUBERNETES COMBINED
CAPABILITY CAPABILITY BENEFIT
HORIZONTAL Dynamic  queues via HPA, VPA, Cluster Millisecond-scale
ELASTICITY KubernetesExecutor Autoscaler autoscaling
MULTI-TENANCY | RBAC & DAG-based Namespaces, Hard tenancy isolation
isolation NetworkPolicy
RESILIENCY Task retries & deferrals Pod-level restarts, Automatic recovery from
multi-AZ node pools node or container failure
DEVSECOPS DAG versioning, lincage ~ Helm/Kustomize, OPA GitOps & policy-as-code
Gatekeeper pipelines

Native AppArmor/seccomp profiles, which graduated to beta in Kubernetes 1.31, further harden task pods
against kernel-level exploits [4].

III. REFERENCE ARCHITECTURE

A. Control Plane — Highly available Webserver, Scheduler, and Triggerer Deployments fronted by a
ClusterIP Service.

B.  Execution Layer — KubernetesExecutor launches each task as an ephemeral pod that either mounts a
pre-baked DAG image or syncs code via a git-sync sidecar.

C.  Autoscaling — An HPA watches airflow_active task count; a Cluster Autoscaler adjusts nodes.
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D. Data Plane — Task pods interact with cloud object stores, data warehouses, and message queues via
least-privilege IAM roles.
E. Observability — Prometheus scrapes Airflow/K8s metrics; Grafana dashboards and Alert manager
enforce SLOs.

IV.  SCALING STRATEGIES

A. Executor Choice

KubernetesExecutor — Pod-per-task isolation; ideal for bursty ML or EL workloads.

e CeleryKubernetesExecutor — Transitional model that retains Celery queues while offloading heavy
tasks to pods [6].

B. Pod Optimization

Build slim, immutable images to cut cold-start by =40 %.

o Use init containers for fast-fail connection tests.

Attach AppArmor and seccomp profiles as default PodSecurityPolicies [4].

C. Cluster Tuning

Separate Spot and On-Demand node-pools; label DAG queues to route non-SLA workloads to Spot

nodes.

e Scale on a composite metric (max(cpu, active tasksxW)); prevents head-of-line blocking during I/O-
heavy jobs.

o Enforce LimitRanges and ResourceQuota to cap runaway DAGs; recommended sizes are documented in
the Airflow 3.0 release notes [3].

V. OPERATIONAL BEST PRACTICES

AREA RECOMMENDED PRACTICE SOURCE

DAG DESIGN Keep tasks idempotent & <5 min; off-load long-running [8](airflow.apache.org)
Spark jobs

GITOPS Package Airflow via Helm and promote through dev — [6](astronomer.io0)
stage — prod

SECRETS Mount Vault/AWS SM via CSI; never embed creds in [5](kubernetes.i0)
images

COST Tag pods with dag id; export cost metrics to FinOps [4](sysdig.com)

GOVERNANCE dashboards

VI. CASE STUDY

A Fortune 500 retailer migrated 1,200 Celery DAGs to Airflow 3 on Kubernetes. Thanks to pre-pulled images
and dependency slimming, pod cold-start fell from 75s to 22s. HPA burst-scaled from 50 to 600 worker pods
within 4 min during Black-Friday peaks, sustaining a 10x throughput jump. Blended compute cost per DAG
dropped 28 % via Spot instances, while MTTR shrank to =12 min with unified Prometheus—Grafana
dashboards—an approach similar to the ETL pipeline patterns outlined by Nayak [10].

VII. FUTURE DIRECTIONS

. Event-driven DAGs — Airflow 3 deferrable operators + KEDA reduce idle compute.

. Serverless pods — Fargate v2 and GKE Autopilot promise per-second billing.

. Policy-as-code — OPA Gatekeeper admission web-hooks enforce image provenance [5].
. Al-assisted ops — LLM-based anomaly detection on task logs to pre-empt SLA breaches.

VIII. CONCLUSION

Coupling Apache Airflow 3.0 with Kubernetes v1.31 yields an elastically scalable, policy-driven orchestration
layer for enterprise data workflows. By adopting pod-level isolation, autoscaling, and GitOps, teams can meet
spike demands, enforce security boundaries, and slash TCO.
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